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Abstract 
Concrete is a well-known construction material with a lot of positive 
properties such as high compressive strength, low cost, wide applicability, etc. 
Therefore, it is commonly used for marine constructions. This type of 
constructions mostly have an important social function with a high economic 
impact (e.g. bridges, wharfs, piers, tunnels, etc.), which makes durability a key 
issue.  
Nevertheless, a lot of damage is reported for constructions in marine 
environments. In this aggressive environment, the durability of concrete is 
strongly influenced by the presence of chlorides and sulphates, the main 
components of sea water. On the one hand, the sulphate attack degrades the 
concrete directly by forming expansive reaction products as well as strength 
decreasing reaction products. On the other hand, chlorides attack the concrete 
indirectly, by initiating corrosion at the reinforcement steel. In addition, early-
age cracks are a common problem, specifically for the massive structural 
components. These cracks promote the penetration of the aggressive substances. 
Thus, fast repair of the cracks is desirable. Without appropriate treatment, the 
amount and size of the cracks will increase. However, repair costs are large and 
in some cases repair is impossible due to inaccessibility. 
So in order to investigate the durability of concrete in marine environments, two 
main focus points can be defined. Firstly, it is important to understand the attack 
mechanisms occurring in marine environments in detail in order to understand 
the cause of the deterioration. Secondly, as a possible solution the material 
characteristics with regard to crack formation should be improved. 
 
   
 xvi 
Combined attack to simulate marine environments 
Concerning the attack mechanisms in sea water, research focuses mainly on the 
chloride or sulphate attack mechanisms, which have been pointed out to be very 
harmful individually. However, in realistic environments (e.g. sea water) they 
are found together. Nevertheless, little is known about the reciprocal 
mechanisms and their influence on the service life of marine constructions. 
Moreover, multi-ion transport of chlorides and sulphates may change the attack 
mechanisms. So, in current research, the reciprocal influence of chlorides and 
sulphates is investigated experimentally in lab conditions. 
To do so, four different mortar and concrete mixtures were prepared, one with 
ordinary Portland cement (OPC), one with high sulphate resistant Portland 
cement (HSR) and two with blast furnace slag (BFS) as cement replacement. 
The slag/binder ratio amounted to 0.5 (S50) and 0.7 (S70). The latter binder type 
is used since BFS concrete is already used in massive marine structures because 
of the low hydration heat. Besides, partial replacement of OPC by BFS is 
considered as a promising way to improve concrete’s service life when the 
prediction is based on chloride penetration. The performed tests depend on the 
main attack mechanisms which is focussed on. The influence of chlorides on 
sulphate attack is mainly investigated by means of length and mass change 
measurements followed by XRD-analysis. During the test, the specimens were 
immersed in 33.8 g/l SO42- solutions based on Na2SO4 on the one hand or 
MgSO4 on the other hand. In addition, combined solutions containing 30.3 g/l 
Cl- added by means of NaCl are used to investigate the effect of chlorides on 
sulphate attack. In addition the influence of sulphates on chloride diffusion is 
mainly investigated by means of continuous immersion tests (cf. NT Build 443). 
The standard solution contained 165 g/l NaCl. The added sulphate contents 
amounted to 50 g/l Na2SO4 and 42.5 g/l MgSO4. After the predefined exposure 
periods, chloride penetration was visualised by means of colour change 
boundaries and chloride diffusion was observed by means of chloride profiles, 
chloride diffusion coefficients and chloride binding isotherms. To identify the 
phase changes XRD, SEM-EDX and EPMA analysis were performed. 
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The effect of chlorides on sulphate attack 
Based on the results obtained in current research, it is seen that the influence of 
chlorides on sulphate attack is not straightforward. The effect depends on 
whether sodium sulphate attack or magnesium sulphate attack is considered.  
For Na2SO4 attack and the influence of chlorides, following points of interest are 
derived from this research: 
 Chlorides have a mitigating effect on sodium sulphate attack. Both, 
sulphates and chlorides will bind with the C3A hydration products to form 
ettringite on the one hand and Friedel’s salt on the other hand.  
 In general, replacement of ordinary Portland cement by high-sulphate 
resistant Portland cement or partly by blast-furnace slag improves the 
resistance of concrete/mortar against sodium sulphate attack. Besides, 
chlorides have no influence (neither positive nor negative) on sodium 
sulphate attack in HSR and BFS mortar.  
With regard to the MgSO4 attack mechanism and the effect of chloride addition, 
it is observed that the effect due to the presence of chlorides changes in function 
of the environmental temperature and the binder type. 
 At an environmental temperature of 20 °C, chlorides have no effect on 
deterioration due to magnesium sulphate in OPC and HSR mixtures. 
However, when BFS is used as OPC replacement, the deterioration rate 
increases significantly when exposed to a combined solution. The latter is 
attributed to the increased decomposition of CSH to MSH by absence of a 
protecting brucite layer. 
 At an environmental temperature of 5° C, the presence of chlorides in a 
magnesium sulphate environment causes increasing deterioration compared 
to deterioration due to magnesium sulphate attack on itself, regardless the 
binder type. This phenomenon is due to increased thaumasite formation in 
combined solutions. 
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The effect of sulphates on chloride attack 
The influence of sulphates on the chloride attack mechanism changes in function 
of the exposure time in comparison with individual chloride attack. Furthermore, 
the deterioration mechanism also depends on the cation which associates the 
sulphate ion. 
In general, three stages are observed: 
 First, for immersion periods between 7 weeks and 14 weeks, chloride 
diffusion slightly increases or is not influenced when the sulphate content in 
the chloride containing environment increases.  
 Next, during immersion periods between 14 weeks and 37 weeks the 
presence of sulphates has a positive effect on chloride diffusion. More 
specifically, chloride diffusion decreases in function of the environmental 
sulphate content additionally to the normal decrease due to continuing 
hydration. The behaviour in this stage is caused by formation of reaction 
products filling up the pores and densification which reduces permeability. 
However, when magnesium sulphate is present a brucite layer is responsible 
for blocking further penetration. 
 The last stage is observed when mixtures are exposed for more than 37 
weeks. From that immersion time on, chloride diffusion starts to increase 
again when the sulphate content increases. Cracking and spalling due to 
extensive expansion induce pathways for the chlorides to diffuse faster in 
the mortar/concrete in case of sodium sulphate. With regard to the presence 
of magnesium sulphate, the brucite layers breaks down which allows the 
chlorides to penetrate faster through the mushy and porous layers 
underneath due to MSH formation. Nevertheless the chloride diffusion 
coefficient for chlorides originating from a combined solution with 
magnesium sulphate are still lower than for chlorides from a single chloride 
solution. 
Furthermore, replacement of OPC by BFS improves the resistance of 
concrete/mortar against chloride penetration whether with sulphates in the 
environment or not. 
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In order to investigate the influence of considering combined attack instead of 
individual chloride penetration to calculate the service life of marine structures, 
some preliminary service life predictions are performed based on experimentally 
determined parameters.  
It was found that the effect of taking the sulphate to chloride ratio into account 
cannot be generalised. The service life depends on the type of cation associating 
the sulphate. The presence of sodium sulphate cause a decrease in corrosion 
initiation. Contrarily, magnesium sulphate in chloride environments cause an 
increase of service life. However the additional parameter study points out that 
the implementation of the sulphate/chloride ratio does not outweigh the impact 
of the concrete cover and/or the critical chloride concentration.  
 
Durability of self-healing concrete 
Understanding the degradation mechanisms with respect to the reciprocal 
influences of the main ions is one thing. In order to make cement based 
materials more durable, the material itself should be able to prevent aggressive 
substances to penetrate into the matrix. A promising solution could be self-
healing concrete. The idea is that cracks heal without intervention. To do so, 
glass capsules filled with PU are used. When cracks appear, the PU is released, 
and as a consequence it foams and fills up the crack. This method has been 
verified by researchers at the Magnel Laboratory. However, the durability 
aspects in aggressive marine environments have not been described yet. 
So in current research, the durability of autonomously PU-healed mortar is 
investigated by means of chloride diffusion tests. In addition, the influence of 
combined solutions on autogenous crack healing is investigated as well. To do 
so, specimens were cracked by means of a crack width controlled splitting test. 
The specimens to investigate autogenous healing did not contain any capsules. 
Those to investigate the durability of autonomous healing contained at least 
three pairs of capsules containing a PU prepolymer on the one hand and an 
accelerator on the other hand. Results were obtained by measuring the crack 
widths in function of time, the chloride penetration front, chloride diffusion 
profiles and chloride diffusion coefficients. 
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Autogenous crack healing in marine environments 
Based on the results in current research, it is found that autogenous crack 
healing occurs quite fast when concrete/mortar is cyclically exposed to water or 
chloride solutions, by means of calcium carbonate precipitation and ongoing 
hydration. One condition however is that cracks widths have to be limited to a 
maximum of approximately 100 µm.  
It was also found that the composition of the environmental solution, with or 
without chlorides, has no significant influence on the healing mechanism. As a 
result it is assumed that small cracks formed in the tidal zone of marine 
constructions can be healed autogenously.  
Besides, autogenous crack healing occurs much slower and mainly by means of 
ongoing hydration when samples are continuously immersed. Except in cases 
that the solution contains (additional) magnesium sulphate which results in the 
formation of a brucite layer sealing the cracks. 
Important with regard to chloride penetration, is the indication that 10 µm is the 
critical crack width. Cracks beneath this limit do not serve anymore as a faster 
way for chlorides to penetrate the structure. 
 
Durability of autonomously healed mortar in chloride environments 
Autonomously healed concrete should be more resistant to the aggressive 
substances of sea water than cracked concrete and if possible equal to uncracked 
concrete.  
So firstly some tests are performed to get an idea of chloride penetration in 
cracked concrete. The chloride diffusion coefficients in the zone immediately 
around the crack (limited to 9 mm at each side of the crack) significantly 
increase compared to uncracked mortar. For crack widths in the range of 100 µm 
to 300 µm, the relation between the chloride diffusion coefficient ratio (cracked 
versus uncracked) and the crack width can be expressed as follows: 
𝑘𝐶𝑅 = 15.8 𝑤
2 − 2.5 𝑤 + 3.0 (0.1 mm ≤ w ≤ 0.3 mm)   
Where kCR is the crack effect function [-] and w is the crack width [mm]. 
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This implies a service life decrease of 81 ± 2 % compared to sound structures. 
This result indicates once more the need for a proper crack repair mechanism. 
Preliminary tests on chloride penetration in cracked mortar manually healed by 
means of polyurethane injection are promising. 83 % of the manually healed 
specimens with an initial crack of 100 µm and 67 % of the specimens with an 
initial crack of 300 µm showed almost no chloride penetration around the healed 
crack, regardless the binder type. Furthermore, all manually healed specimens 
showed an improved resistance against chloride penetration compared to 
unhealed cracked specimens.  
Next, also autonomous crack healing of mortar by means of encapsulated 
polyurethane has a beneficial influence on the resistance against chloride 
diffusion for crack widths between 100 µm and 300 µm. However, in 
approximately 33 % of the cases autonomous crack healing has no effect at all 
on the resistance against chloride penetration. This is probably due to falling 
short of the healing mechanism since no or less polyurethane was found in the 
cracks after the test (insufficient crack formation, capillary forces, shifting of the 
tubes, etc.).  
At last, the influence of autonomous crack healing on durability in marine 
environments is quantified by means of service life calculation. Since the 
chloride diffusion results were not really uniform, a range of values is taken into 
account. On average, the service life of autonomously healed structures by 
means of encapsulated polyurethane increases 108 ± 46 % compared to the 
service life of a cracked, unhealed structure. Moreover, in the most beneficial 
situation, a service life increase of 154 % up to 550 % can be obtained compared 
to cracked unhealed structures, which is similar to the service life for sound 
structures.  
In general it can be concluded that if the healing mechanism works properly and 
the crack is sealed well, (almost) no chlorides will penetrate along the crack. So, 
autonomous crack healing by means of encapsulated polyurethane is able to 
improve the durability and increase the service life of mortar/concrete structures 
in chloride-containing environments. 
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Samenvatting 
Beton is een veel voorkomend bouwmateriaal met positieve eigenschappen 
zoals hoge druksterkte, lage productiekosten en tal van 
toepassingsmogelijkheden. Mede hierdoor wordt beton onder andere regelmatig 
toegepast voor de bouw van maritieme constructies (kaaimuren, brugpijlers, 
steigers, …). Aangezien dit type constructies een hoge maatschappelijke impact 
alsook een hoge economische impact heeft, is duurzaamheid een belangrijk 
aandachtspunt.  
Niettemin wordt veel schade aan maritieme constructies gerapporteerd. In deze 
agressieve omgevingen wordt de duurzaamheid van beton sterk op de proef 
gesteld omwille van de aanwezigheid van chloriden en sulfaten. Deze twee 
elementen zijn de belangrijkste en meest voorkomende componenten in 
zeewater. Enerzijds zullen sulfaten het beton rechtstreeks aantasten door 
vorming van reactieproducten wat expansie en sterkteafname veroorzaakt. 
Anderzijds veroorzaken chloriden onrechtstreekse betonaantasting door initiatie 
van corrosie van het wapeningsstaal. Bovendien vormen scheuren in beton een 
bijkomend probleem. In het bijzonder bij massieve componenten waar 
regelmatig scheurvorming op jonge leeftijd voorkomt. Deze scheuren 
vereenvoudigen de indringing van agressieve bestanddelen uit de omving in het 
beton. Het is dus gewenst om scheuren snel en degelijk af te dichten om 
uitbreiding te voorkomen. Dit is in bepaalde gevallen echter onmogelijk gezien 
de moeilijke bereikbaarheid van bepaalde onderdelen en de hoge (directe en 
indirecte) kosten die hiermee gepaard gaan.  
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Dit alles houdt in dat de duurzaamheid van beton in maritieme omgevingen 
onderzocht dient te worden op twee gebieden. Vooreerst is het belangrijk om de 
aantastingmechanismen zo gedetailleerd mogelijk te onderzoeken om aldus de 
specifieke oorzaak van de waargenomen schade te achterhalen. Ten tweede dient 
een oplossing gevonden te worden betreffende de materiaalkarakteristieken om 
scheurvorming tegen te gaan/te verminderen. 
 
Gecombineerde aantasting ter simulatie van maritieme omgevingen 
Betreffende de aantastingmechanismen, wordt meestal gefocust op individuele 
aantasting van chloride en sulfaten, wat op zich belangrijk is aangezien beide 
mechanismen een niet te verwaarlozen invloed hebben. Maar in realiteit komen 
beiden samen voor en omtrent de wederzijdse invloed van beide mechanismen 
en de invloed op de levensduur van betonconstructies is nagenoeg niets geweten. 
Aldus is in huidig onderzoek de wederzijdse invloed van chloride en sulfaten 
onderzocht.  
Hiertoe zijn vier verschillende mortel- en betonmengelingen aangemaakt, één 
met traditioneel Portlandcement (OPC), één met hoog sulfaat resistent 
Portlandcement (HSR) en twee met hoogovenslak (BFS) ter vervanging van 
OPC. De slak/bindmiddel verhouding bedraagt 0.5 (S50) en 0.7 (S70). 
Hoogovenslak(cement) wordt reeds regelmatig toegepast als bindmiddel 
omwille van de verlaagde hydratatiewarmte, en aldus ter beperking van de 
scheuren op jonge leeftijd. Bovendien heeft hoogovenslakbeton een verhoogde 
weerstand tegen chloride-indringing. Bij de proeven wordt enerzijds uitgegaan 
van de invloed van chloriden op sulfaat-aantasting, waarbij de massa en lengte 
veranderingen in functie van de tijd opgemeten worden, gevolgd door XRD-
analyses. Deze proeven zijn uitgevoerd door onderdompeling van prisma’s in 
33,8 g/l SO42- oplossingen, aangemaakt op basis van Na2SO4 (50 g/l) of MgSO4 
(42,5 g/l). Daarnaast zijn gecombineerde oplossingen gebruikt waarbij eveneens 
30,3 g/l Cl- (50 g/l NaCl) toegevoegd wordt. Betreffende de invloed van sulfaten 
op chloride-aantasting anderzijds, zijn diffusieproeven uitgevoerd analoog aan 
NT Build 443 met als referentieoplossing 165g/l NaCl. De toegevoegde 
sulfaatconcentraties bedragen maximaal 50 g/l Na2SO4 en 42,5 g/l MgSO4. 
Metingen zijn uitgevoerd door bepaling van kleuromslag, chlorideprofielen, 
chloridediffusiecoëfficiënten en bindingsisothermen. Ter identificatie van de 
faseveranderingen zijn XRD, SEM-EDX en EPMA analyses uitgevoerd.  
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Effect van chloriden op sulfaataantasting 
Op basis van de resultaten uit voorliggend onderzoek wordt duidelijk dat de 
invloed van chloriden op sulfaataantasting afhankelijk is van verschillende 
factoren. De belangrijkste factor is het type sulfaataantasting dat beschouwd 
wordt, namelijk ten gevolge van Na2SO4 of MgSO4.  
Voor Na2SO4 aantasting en de invloed van chloriden hierop, kunnen volgende 
bevindingen geformuleerd worden:  
 Chloriden hebben een verzachtend effect op aantasting ten gevolge van 
Na2SO4. Zowel de sulfaten als de chloriden binden met C3A mineralen van 
het cement ter vorming van ettringiet of ter vorming van Friedel’s zout.  
 Algemeen gezien zorgt de vervanging van OPC door HSR of BFS voor een 
verbeterde weerstand tegen Na2SO4 aantasting bij volledige 
onderdompeling. Daarnaast wordt vastgesteld dat chloriden geen invloed 
hebben, niet positief noch negatief wanneer HSR of BFS mengelingen 
blootgesteld worden aan Na2SO4 oplossingen in combinatie met NaCl.  
Met betrekking tot MgSO4 aantasting en de impact van de aanwezigheid van 
chloriden wordt vastgesteld dat het effect van de chloriden wijzigt in functie van 
de omgevingstemperatuur en het bindmiddel. 
 Bij een omgevingstemperatuur van 20 °C hebben chloriden geen invloed op 
de aantasting ten gevolge van MgSO4 in OPC en HSR mengelingen. BFS 
mengelingen daarentegen ondergaan een verhoogde aantasting in analoge 
omstandigheden. Dit laatste wordt toegeschreven aan een verhoogde 
omvorming van CSH naar MSH in afwezigheid van een beschermende 
bructietlaag. 
 Bij 5 °C omgevingstemperatuur, veroorzaakt de aanwezigheid van chloriden 
in een MgSO4 oplossing een toename van het schadebeeld in vergelijking 
met het schadebeeld bij individuele MgSO4 aantasting, ongeacht het type 
bindmiddel. Dit fenomeen is het gevolg van een verhoogde thaumasiet 
vorming bij blootstelling aan gecombineerde oplossingen. 
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Effect van sulfaten op chloride-aantasting 
De invloed van sulfaten op chloride-aantasting verandert in vergelijking met 
enkelvoudige chloride-aantasting in functie van de blootstellingsduur. Daarnaast 
wordt ook vastgesteld dat het kation verbonden met de sulfaten een specifieke 
invloed heeft.  
Algemeen worden drie fases onderscheiden: 
 Bij onderdompelingsperiodes tussen 7 en 14 weken stijgt de chloridediffusie 
in zeer beperkte mate in gecombineerde oplossingen in vergelijking met 
chloridediffusie bij individuele chloride-indringing. Dit onder invloed van 
de aanwezige sulfaten die eveens het beton indringen. 
 Vervolgens, bij blootstellingstermijnen tussen 14 weken en 37 weken, heeft 
de aanwezigheid van sulfaten een positief effect. Meer bepaald, de 
chloridediffusie daalt in functie van het aanwezige sulfaatgehalte bovenop 
de traditionele daling van de diffusie ten gevolge van het 
verouderingseffect. Het gedrag in deze periode wordt veroorzaakt door de 
vorming van ettringiet in het geval van Na2SO4 en bruciet in het geval van 
MgSO4. Beide producten zorgen voor een afdichting van de poriën, 
respectievelijk door een densificatie van de matrix en door de vorming van 
een ondoordringbare oppervlaktelaag.  
 De laatste fase, bij onderdompelingsperiodes van meer dan 37 weken in 
gecombineerde omgevingen, wordt gekenmerkt door een stijging van de 
chloride-diffusie. Scheurvorming en afschilfering, in oplossingen waarbij 
Na2SO4 aanwezig is, zorgen voor een vereenvoudigde indringing van 
chloriden. Bij oplossingen met toevoeging van MgSO4 zorgt de afbraak van 
de brucietlaag voor een verhoogde indringing, mede doordat de 
onderliggende lagen vermoedelijk aangetast zijn door vorming van MSH. 
Niettemin dient opgemerkt te worden dat de diffusiecoëfficiënten bij 
blootstelling aan gecombineerde oplossingen met MgSO4 nog steeds lager 
zijn dan deze bij blootstelling aan een enkelvoudige chloride-oplossing. 
Daarnaast zorgt de vervanging van OPC door HSR of gedeeltelijk door BFS (50 
of 70 %) voor een verbetering van de weerstand tegen chloriden, met of zonder 
de aanwezigheid van sulfaten in de omgeving. 
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Tot slot is de invloed van gecombineerde aantasting op de levensduurafschatting 
nagegaan en vergeleken met de afschatting op basis van gegevens uit 
individuele chloridediffusie. 
Op basis van deze analyses wordt vastgesteld dat de aanwezigheid van Na2SO4 
een verlaging van de levensuur teweeg brengt (door een verhoging van de 
diffusiecoëfficiënt), terwijl de aanwezigheid van MgSO4 zorgt voor een 
verhoging (door een verlaging van de diffusiecoëfficiënt). In realistische 
maritieme omgevingen zal de invloed tussenbeide gelegen zijn, gezien de 
wederzijdse effecten o.a. tijdsafhankelijke zijn. Het is echter wel zo dat een 
parameterstudie op basis van experimenteel bepaalde parameters aantoont dat de 
invloed van sulfaten in chloride-houdende omgevingen niet of weinig opweegt 
tegenover andere moeilijk in te schatten parameters zoals de 
omgevingstemperatuur, de betondekking en het kritiek chloridegehalte waarbij 
corrosie geïnitieerd wordt. 
 
Duurzaamheid van zelfhelend beton 
Met betrekking tot duurzaamheid is het niet enkel van belang om de 
reactiemechanismen in specifieke omgevingen te kennen, maar is het ook van 
belang om de materiaaleigenschappen te optimaliseren. Een mogelijke oplossing 
om scheuren en herstel ervan te vermijden is de toepassing van zelfhelend 
beton/mortel. Dit houdt in dat scheuren weer dichten zonder externe 
tussenkomst. Dit kan bewerkstelligd worden door capsules gevuld met 
polyurethaan (PU) in het beton te plaatsen. Als proof-of-concept wordt gewerkte 
met glazen capsules. Op het moment dat een scheur gevormd wordt zullen de 
capsules breken en ontstaat een schuimreactie met opvulling van de scheur tot 
gevolg. Deze techniek is reeds geverifieerd door eerder onderzoek aan het 
Laboratorium Magnel voor Betononderzoek. Er waren echter nog geen gegevens 
beschikbaar omtrent de duurzaamheid van geheeld beton/mortel in agressieve 
omgevingen, meer bepaald in maritieme omgevingen.  
In voorliggend onderzoek is de weerstand van autogene en autonome heling van 
mortel tegen chloride-indringing onderzocht door middel van chloride diffusie 
testen. Bij autogene heling wordt de scheur gedicht zonder externe tussenkomst 
en zonder specifieke elementen aan het beton toe te voegen. In het geval van 
autonome heling worden b.v. bacteriën of polymeren toegevoegd bij productie 
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van het beton teneinde deze te trigeren als een scher zich voordoet met als doel 
deze scheur af te dichten. 
Daartoe zijn gescheurde proefstukken aangemaakt door middel van een 
scheurwijdte-gecontroleerde splijtproef. De proefstukken met als doel het 
onderzoeken van autogene heling hebben scheurwijdtes van ongeveer 100 µm of 
300 µm. Enerzijds zijn proefstukken blootgesteld aan nat-droog-cycli met water, 
om autogene heling te bewerkstelligen, waarna de proestukken ondergedompeld 
zijn in chlorideoplossingen om de weerstand van de scheurheling te bepalen. 
Anderzijds zijn proefstukken blootgesteld aan nat-droogcycli met chloride-
oplossing. Aanvullend zijn gescheurde proefstukken permanent 
ondergedompeld in gecombineerde oplossingen om de invloed van de 
aanwezige sulfaten op het autogene helingsmechanisme na te gaan.  
Betreffende autonome heling zijn de gescheurde proefstukken voorzien van 
capsules, meer bepaald minstens drie paar buisjes waarbij telkens één buisje 
gevuld werd met PU-prepolymeer en één met accelerator + water. Het autonome 
helingsmechanisme is opgestart door scheurvorming. Uiteindelijk zijn de 
resultaten bekomen door het opmeten van kleuromslagdieptes, 
chlorideprofielen, diffusiecoëfficiënten alsook door opvolging van de 
scheurwijdtes. 
 
Autogene heling van scheuren in maritieme omgevingen 
Op basis van de resultaten wordt vastgesteld dat autogene heling van scheuren in 
beton/mortel sneller verloopt wanneer blootgesteld aan nat-droog cycli dan bij 
volledige onderdompeling. Dit wordt verklaard door de verhoogde 
beschikbaarheid van CO2 voor de aanmaak van CaCO3 bij cyclische 
blootstelling. Daarnaast wordt ook een fractie heling door verdergaande 
hydratatie waargenomen. Een belangrijke randvoorwaarde is echter dat de 
scheurwijdte beperkt is tot maximum 100 µm. 
Wat de invloed van de omgevingsfactoren betreft, blijkt dat de aanwezigheid 
van chloriden geen significante invloed heeft, niet negatief noch positief. Deze 
vaststellingen hebben voor gevolg dat scheuren met beperkte scheurwijdte 
verondersteld worden om autogeen te kunnen helen en op die manier de 
chloride-indringing te kunnen beperken (echter niet voorkomen).  
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Bij permanente onderdompeling is het voornaamste helingsmechanisme 
verdergaande hydratatie van ongehydrateerde bindmiddeldeeltjes. Eén 
uitzondering is echter wanneer MgSO4 aanwezig is, dan zorgt een bructietlaag 
voor afdichting van de scheuren. Hoewel uit de eerdere onderzoeksresultaten 
blijkt dat dit slechts tijdelijk is.  
Met het oog op chloride-indringing is het belangrijk om te melden dat de 
indringing verloopt zoals bij niet gescheurd beton indien de scheurwijdte kleiner 
is dan 10 µm. Deze waarde wordt gedefinieerd als de kritieke scheurwijdte. Bij 
scheurwijdtes groter dan 10 µm zal bijkomende chloride-indring langsheen de 
scheur plaatsvinden wat de totale indringingsdiepte doet toenemen. 
 
Duurzaamheid van autonoom geheeld beton in chloride omgevingen  
Autonoom geheeld beton wordt geacht een betere weerstand te hebben tegen 
indringing van agressieve elementen (uit bv. zeewater) dan gescheurd beton en 
mogelijks een even goede weerstand als ongescheurd beton/mortel. 
Vooreerst zijn een aantal testen uitgevoerd om een referentiekader op te stellen 
van chloridediffusie bij gescheurde proefstukken. Daaruit blijkt dat de 
diffusiecoëfficiënten in de zone rond de scheur (beperkt tot 9 mm aan elke kant 
van de scheur) significant toenemen in vergelijking met deze van ongescheurde 
proefstukken. Bijgevolg is voor scheurwijdtes tussen 100 µm en 300 µm een 
verband opgesteld tussen de verhouding van de chloride-diffusiecoëfficiënten 
enerzijds (gescheurd/ongescheurd) en de scheurwijdtes anderzijds: 
𝑘𝐶𝑅 = 15.8 𝑤
2 − 2.5 𝑤 + 3.0 (0.1 mm ≤ w ≤ 0.3 mm)   
Met kCR de scheur-effectfunctie [-] en w de scheurwijdte [mm]. 
Door deze parameter in een levensduurvoorspelling te verwerken wordt een 
gemiddelde afname van de levensduur met 81 ± 2 % bekomen in vergelijking 
met intacte constructies. Deze vaststelling duidt nogmaals op de noodzaak van 
een degelijk (autonoom) herstelmechanisme.  
Verkennende testen met manueel geheelde proestukken door middel van PU-
injectie zijn veelbelovend. 83 % van de manueel geheelde proefstukken met een 
initiële scheurwijdte van 100 µm zijn zo goed als volledig afgedicht voor 
chloride-indringing. In het geval dat initiële scheurwijdtes van 300 µm aanwezig 
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zijn, bedraagt dit aantal 67 %. Deze waarnemingen zijn ongeacht het type 
bindmiddel. Daarnaast blijkt dat alle geteste proefstukken een verbeterde 
weerstand tegen chloride-indringing vertonen in vergelijking met gescheurde, 
niet geheelde proestukken. 
Vervolgens zijn de autonoom geheelde proefstukken met ingekapselde PU 
beproefd. Deze vertonen een positieve invloed op de weerstand tegen 
chloridediffusie bij initiële scheurwijdtes tussen 100 µm en 300 µm. 
Niettegenstaande is bij ongeveer 33% van de gevallen nauwelijks een effect van 
de PU-heling waargenomen. Dit is vermoedelijk door de huidige beperkingen 
van het autonoom helingsysteem, aangezien een verminderde hoeveelheid PU 
waargenomen werd in de betreffende scheuren (ten gevolge van onvoldoende 
gebroken capsules, capillaire krachten, verschuiving van de capsules tijdens 
aanmaak van het beton, etc.). 
Ter kwantificatie van de impact van autonome heling op de duurzaamheid in 
maritieme omgevingen is een levensduurvoorspelling uitgevoerd. Aangezien de 
diffusiecoëfficiënten niet uniform zijn, wordt een bereik van waarden in 
beschouwing genomen. Gemiddeld gezien heeft een constructie opgebouwd uit 
autonoom helend beton/mortel een levensduur die 108 ± 46 % toeneemt in 
vergelijking met een gescheurde, niet geheelde constructie. In de meest positieve 
situatie, waarbij het helingsmechanisme optimaal werkt, wordt zelfs een 
levensduurtoename van 154 % tot 550 % bekomen, wat overeenkomt met de 
levensduur voor een constructie zonder enige scheurvorming. 
Algemeen wordt geconcludeerd dat autonome heling van beton/mortel een 
positieve invloed heeft op de duurzaamheid, als het mechanisme naar behoren 
werkt zodat de scheur voldoende afgedicht is. Het system is in staat om de 
duurzaamheid van constructies in maritieme omgevingen aanzienlijk te 
verbeteren met een langere levensduur en minder herstel(kosten) als gevolg.  
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Chapter 1. General introduction 
1.1. Background and problem statement 
Concrete is a well-known construction material with a lot of positive properties 
such as high compressive strength, low cost, applicability, etc. Because of its 
positive properties concrete is commonly used for diverse purposes such as 
marine constructions. However, a lot of damage is reported for constructions in 
marine environments (Costa and Appleton, 1999, Castro et al., 2001, Sibbick et 
al., 2003, Lindvall, 2007, Kwon et al., 2009, Song et al., 2009, Pack et al., 
2010). In this aggressive environment, the durability of concrete is strongly 
influenced by the presence of chlorides and sulphates, the main components of 
sea water. On the one hand, sulphate attack will degrade the concrete directly by 
forming expansive reaction products as well as strength decreasing products. On 
the other hand, chlorides will attack the concrete indirectly, by initiating 
corrosion of the reinforcement steel.  
Constructions in marine environments mostly have an important social function 
with a high economic impact (e.g. bridges, wharfs, piers, tunnels, etc.), which 
makes durability a key issue. So, it is important to understand the attack 
mechanisms occurring in marine environments in detail. Both main ions present 
in sea water can be very harmful individually. However, in sea water they are 
found together. Nevertheless, little is known about the reciprocal mechanism 
and their influence on the service life of marine constructions. 
In addition, concrete has a high sensitivity to crack formation because of its low 
tensile strength. That is why reinforced concrete is used, this means that steel 
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reinforcement is embedded to carry the tensile loads. Reinforced concrete has an 
increased resistance to cracking but does not eliminate it. This means that when 
cracks appear in concrete structures, they will have a negative influence on the 
durability. Aggressive substances like chlorides and sulphates are supposed to 
penetrate faster into the concrete and as a consequence faster deterioration can 
result. Thus, fast repair of the cracks is desirable. Without appropriate treatment, 
the amount and size of the cracks will increase. However, repair is costly and in 
some cases repair is impossible due to inaccessibility. By designing durable 
structures, maintenance and repair costs can be lowered or become negligible. 
An enhanced service life of concrete structures will reduce the demand for new 
structures. This, on its turn, results in the use of less raw materials and an 
associated reduction of pollution, of energy consumption and CO2 production. 
Due to the lack of quality and durability of concrete structures the cost for 
reconstruction of bridges in the USA has been estimated between $ 20 billion 
and $ 200 billion ((Yunovich and Thompson, 2003) cited in Van Breugel 
(2007)). The average annual maintenance cost for bridges in that country is 
estimated at $ 5.2 billion. In Europe 28 % of the construction activities is related 
to renovation and maintenance. This corresponds to annual expenses of 
approximately 365 million Euro. In Belgium renovation equals to approximately 
50 % of the construction activities. Comprehensive life cycle analyses indicate 
that the indirect costs due to traffic jams and associated loss of productivity are 
more than 10 times the direct cost of maintenance and repair ((Freyermuth, 
2001) cited in Van Breughel (2007)).  
A possible solution to prevent lots of maintenance and repair is self-healing of 
cracks in concrete (Van Tittelboom and De Belie, 2013, Van Tittelboom et al., 
2011). Self-healing concrete has the ability to recover without external 
intervention. Nevertheless, specific data on degradation of self-healing concrete 
in aggressive environments are not available. These data could be important to 
prove that an important service life extension of structures and concomitantly a 
reduced repair and maintenance can be achieved by applying self-healing 
concrete.  
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1.2. Objective 
The objective of this research consists of two parts, both related to durability in 
marine environments.  
Firstly, the combined attack mechanisms of chlorides and sulphates are 
simulated. Since not only ordinary Portland cement is used in marine 
environments, but also blast furnace slag because of its low hydration heat 
which is beneficial in massive constructions (De Schutter, 1999), different 
binder types are used. The obtained results should lead to a better understanding 
of the durability of cementitious materials in marine environments. In addition, 
understanding these reciprocal actions and their influence on durability should 
allow to optimize the service life predictions of concrete constructions in marine 
environments. 
Secondly, the behavior of cracked and healed cementitious materials in 
aggressive marine environments is investigated in order to gain insight in the 
durability of self-healing concrete. A service life increase of 50 % is assumed 
due to autonomous crack repair (SECEMIN project proposal, 2010), however, it 
has not been possible yet to prove this assumption. Based on the results obtained 
in this research it should be possible to quantify the influence of self-healing 
concrete on the durability in marine environments by using existing service life 
predictions. This is necessary to make the application of self-healing concrete 
more attractive for practice. 
1.3. Outline of the thesis 
This PhD thesis consists of two main parts similar to the objective. Preceding 
these main parts, some generally used materials are explained. 
Part I focusses on the combined degradation mechanisms of chloride attack and 
sulphate attack, as they are found in marine environments. Firstly, the influence 
of chlorides on sulphate attack of concrete/mortar is investigated. Different 
‘basic’ types of sulphate attack are considered, sodium sulphate attack and 
magnesium sulphate attack both at 5 °C and 20 °C.  Secondly, the effect of the 
presence of sulphates in chloride solutions on the chloride penetration in 
concrete/mortar is investigated. Since chloride penetration is the main reason for 
damage in marine environments, the service life prediction of marine structures 
is based on this mechanism. At the end of the particular Part, the influence of 
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combined attack by means of chlorides and sulphates on the service life is 
estimated. 
The general topic of Part II is self-healing concrete/mortar in marine 
environments. At first, the behavior of cracked specimens in chloride containing 
solutions is tested. Next, the autogenous healing effect is investigated. Since e.g. 
sulphates in marine environments can react to form expansive or covering 
products, it can be assumed that this influences the autogenous healing in those 
particular environments. The autogenous healing mechanism is tested by means 
of full immersion as well as by means of wet-dry cycles. Furthermore, the main 
research topic of this part is the durability of autonomous healing of 
concrete/mortar in chloride containing environments. In this case it is chosen to 
obtain self-healing by means of encapsulated polyurethane. Samples having the 
self-healing property are produced with different initial crack widths. These 
samples are subjected to chloride solutions in order to find out whether or not 
they possess an enhanced resistance against chloride penetration. Finally, the 
service life is calculated to quantify this effect. 
Figure 1.1 gives a schematic overview of the outline of this PhD thesis. 
 
Figure 1.1: Schematic overview of the outline of the thesis. 
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1.4. Context of the research 
This thesis is clearly in the continuation of prior and ongoing projects from the 
research group. The Magnel Laboratory for Concrete Research from Ghent 
University has evolved since 1930 into a major research center in the field of 
construction and building materials. The research domain of Prof. N. De Belie 
involves durability of these materials in the broadest sense. An important object 
of study is the relationship between the composition of cementitious materials, 
their microstructure and their durability. Currently a lot of the projects within 
the research group and within the world of concrete research in general, 
emphasize on self-healing concrete. 
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Chapter 2. Materials and mix design 
2.1. Materials 
In this research two different Portland cement types and blast-furnace slag 
were used as binder material. The Portland cement types were Ordinary 
Portland Cement (OPC) which is used in the reference mixtures and High 
Sulphate Resistant Portland Cement (HSR). The HSR type is used because of 
its low C3A-content since this mineral plays an important role in the chloride 
and sulphate attack mechanisms. Blast-Furnace Slag (BFS) is a by-product of 
the steel industry with latent-hydraulic properties. It is regularly used to 
replace OPC partially in concretes applied in marine constructions.  On the 
one hand, BFS concrete has a higher resistance to chloride penetration than 
concrete with OPC or HSR cement. On the other hand, BFS concrete has a 
low hydration heat which is beneficial in massive constructions in order to 
avoid early-age cracking. 
2.1.1. Portland cement 
Ordinary Portland Cement CEM I 52.5 N, cf. EN 197-1 (2000), was used for 
all cement paste, mortar and concrete mixes. High Sulphate Resistant 
Portland Cement CEM I 52.5 N HSR was only used for tests concerning 
combined attack mechanisms of chlorides and sulphates. 
Table 2.1 gives an overview of the chemical compositions of these Portland 
cements, determined in accordance with NBN EN 196-2 (2005) and using 
Wavelength Dispersive X-ray Spectroscopy (WD-XRF). Blaine’s fineness, 
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water content and density of the cement are shown as well. In addition, the 
mineralogical composition was calculated based on the oxide fractions by 
using the Bogue formulas (2.1). For OPC cement, mixes were made from four 
deliveries to the laboratory. As can be seen from Table 2.1, the four OPC 
cements (indicated with a Roman numeral) are very much alike. 
C3A = 2.65 A – 1.69 F 
(2.1) 
C4AF = 3.04 F 
C3S = 4.07 C – (7.6 S + 6.72 A + 1.43 F + 2.85 SO3) 
C2S = 2.87 S – 0.754 C3S 
Table 2.1: Chemical composition [%], mineralogical composition [%], Blaine 
fineness [m²/kg] and density [kg/m³] of the Portland cement types. 
 OPC (I) OPC (II) OPC (III) OPC (IV) HSR 
CaO (C) 63.37 63.48 62.04 62.30 63.90 
SiO2 (S) 18.90 19.61 18.99 18.77 21.62 
Al2O3 (A) 5.74 5.96 5.97 6.00 3.53 
Fe2O3 (F) 4.31 4.13 4.23 4.06 4.05 
SO3 3.34 2.72 3.18 3.35 2.40 
MgO 0.89 0.92 0.96 1.07 1.82 
K2O 0.73 0.64 0.66 0.58 0.51 
CO2 0.50 0.83 0.88 0.60 0.34 
Na2O 0.47 0.49 0.46 0.51 0.15 
Cl- - - - 0.06 0.03 
Sulphide content - - 0.07 - 0.05 
Insoluble residue 0.41 0.36 0.66 0.41 0.48 
Loss on ignition 1.51 1.78 1.74 1.82 0.95 
C3A 7.93 8.81 8.67 9.04 2.51 
C4AF  13.10 12.56 12.86 12.34 12.31 
C3S 60.02 55.62 52.95 55.24 59.41 
C2S 8.99 14.34 14.58 12.22 17.26 
Blaine fineness 353 429.3 382.6 370 - 
Density  3122 3107 3062 3126 - 
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2.1.2. Blast-furnace slag 
The blast-furnace slag was chemically analysed according to NBN EN 196-2 
(2005). Table 2.2 shows the chemical composition, Blaine fineness, water and 
density content of the used slag. Blaine fineness and density were determined 
conform NBN EN 196-6 (2005) and the water content was determined 
conform BUtgb (2004). 
Table 2.2: Chemical composition [%],Blaine fineness [m²/kg], water content [%] and 
density [kg/m³] of the blast furnace slag. 
 BFS 
CaO (C) 41.24 
SiO2 (S) 36.37 
Al2O3 (A) 9.83 
Fe2O3 (F) 0.26 
SO3 1.62 
MgO 7.41 
K2O 0.41 
CO2 0.90 
Na2O 0.28 
Cl- 0.02 
Sulphide content 0.79 
Insoluble residue 0.43 
Loss on ignition 1.30 
Blaine fineness 394 
Water content 0.57 
Density  2830 
 
The used ground granulated BFS meets all the chemical and physical 
requirements mentioned in NBN EN 15167-1 (2007), concerning the use in 
concrete, mortar and grout. These requirements are tabulated in Table 2.3. 
The standard specifies that the composition and performance of BFS shall be 
such that durable concrete can be made with it. The cement with which the 
BFS shall be combined has to be Ordinary Portland cement with a strength 
class ≥ 42.5 N/mm², a Blaine fineness of at least 300 m²/kg, a C3A content 
between 6 and 12 % and a alkali content (Na2O-equivalent) of 0.5 to 1.2 %. 
The cements applied in this research shall fulfil these requirements. 
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Table 2.3: Physical, chemical and mechanical requirements for BFS applied in 
concrete, mortar and grout, according to NBN EN 15167-1 (2007). 
NBN EN 15167-1 (2007) 
BFS used in 
this research 
CaO + MgO + SiO2 > 66.7 % 85.02 
(CaO + MgO) / SiO2 > 1 1.34 
MgO ≤ 18 % 7.41 
Sulphide ≤ 2 % 0.79 
SO3 ≤ 2.5 % 1.62 
Cl- ≤ 0.1 % 0.02 
Loss on ignition ≤ 3 % 1.30 
Water content ≤ 1 % 0.57 
Blaine fineness ≥ 275 m²/kg 394 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝐶𝑃 50
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝐶𝑃0
 ≤ 2 0.95 
Activity index 7 days ≥ 45 % 68 
Activity index 28 days  ≥ 70 % 90 
 
Table 2.4 shows the requirements according to the Belgian guidelines in order 
to obtain to a technical approval (ATG) from BUtgb (2004) for ground 
granulated BFS and compares them to the characteristics of the used BFS. 
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Table 2.4: Physical, chemical and mechanical requirements for BFS applied in 
concrete, mortar and grout, according to ATG from BUtgb (2004).  
Technical approval 
BFS used in 
this research 
CaO + MgO + SiO2 > 66.7 % 85.02 
(CaO + MgO) / SiO2 > 1 1.34 
Mg ≤ 14 % 4.47 
SO3 
Indicated 
content ±  
0.5 % 
1.62 
Sulphide ≤ 2 % 0.79 
Cl- ≤ 0.1 % 0.02 
Mn2O3 ≤ 2 % - 
Na2O-equivalent ≤ 1.2 % 0.55 
Loss on ignition ≤ 5 % 1.30 
Water content ≤ 1 % 0.57 
Insoluble residue ≤ 5 % 0.43 
Glass fraction > 66 % - 
Blaine fineness 
Indicated 
fineness ± 30 
m²/kg 
394 
Initial setting 
≥ 75 min 
(class 32.5) 
CP30: 
195 min 
 
≥ 60 min 
(class 42.5) 
CP50: 
250 min 
 
≥ 45 min 
(class 52.5) 
CP70: 
374 min 
Soundness < 10 min 
CP30: 
4 min 
  
CP50: 
0.2 min 
  
CP70: 
0.75 min 
Compressive strength 
Depending on 
the strength 
class table 
(Table 1 of 
ATG) 
M50-28d: 
42.7 ± 2.0 MPa 
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2.1.3. Aggregates 
The particle size distribution of the different batches of aggregates used in 
this research (indicated with a Roman numeral) are shown in Figure 2.1. The 
measured variation on the distribution is limited for the sand 0/4 as well as for 
the gravel 2/8 and the gravel 8/16. 
 
Figure 2.1: Particle size distribution of sand 0/4, gravel 2/8 and gravel 8/16. 
2.1.4. Superplasticizer 
To improve the workability of the studied concrete mixtures, a commercially 
available polycarboxylic ether based superplasticizer (SP) with a dry matter 
mass percentage of 35% and a density at 20°C of 1100 kg/m³ was used. The 
corresponding product information indicates that the optimal dosage for this 
SP ranges between 400 and 1200 cc per 100 kg of cement. The SP is 
preferably added after addition of the mixing water and all other concrete 
constituents. 
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2.2. Mixtures 
2.2.1. Concrete 
Four different concrete mixtures were used: two Portland cement mixtures, 
namely one with OPC and one with HSR, as well as two BFS mixtures with 
Portland cement replacement levels of 50 % (BFS50) and 70 % (BFS70). For 
the latter mixtures, the BFS was added to the concrete as a separate 
component. For each mixture, the total mixing time was 3 minutes. Firstly 
sand, aggregates, cement (and slag) were mixed dry for 1 minute, after which 
water was added and mixing continued for 2 minutes.  
In order to obtain durable concrete, EN 206-1 (2000) and NBN B15-001 
(2004) specify requirements with regard to W/C ratio, minimum cement 
content and strength classes (indicative) for different exposure conditions. In 
this case exposure class XS2 is considered for which the requirements are 
tabulated in Table 2.5. 
Table 2.5: Concrete requirements for concrete according to exposure class XS2, cf. 
NBN EN 206-1 (2000) and NBN B15-001 (2004). 
 NBN EN 206-1 NBN B15-001 
Max. W/C ratio [-] 0.45 0.45 
Min. cement content [kg/m³] 320 340 
Min. indicative strength class C35/45 C35/45 
As can be seen, slight differences exist between both standards. Moreover, 
different researchers question whether these parameters really can ensure the 
durable behaviour of mixes (De Schutter, 2009). 
Table 2.6 gives an overview of the concrete compositions. The total binder 
content (cement + slag = B) was maintained at 350 kg/m³ and the water-to-
binder factor (W/B) at 0.45. These values are in accordance with EN 206-1 
(2000) and NBN B 15-001 (2012), when the concrete is applied in an XS2 
environment, namely when concrete containing reinforcement is subjected to 
contact with chlorides form sea water when (parts of) the marine structure is 
(are) permanently submerged. Superplasticizer (SP) based on polycarboxylic 
ethers was added to the mixture to obtain a slump between 100 mm and 
150 mm (consistency class S3). 
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The characteristics of the fresh concrete are tabulated in Table 2.7. The slump 
was measured according to NBN EN 12350-2 (2009) with indication of the 
consistency class and air content according to NBN EN 12350-7 (2009).  
To test the compressive strength in accordance with NBN EN 12390-3 
(2009), three cubes with 150 mm side were cast per mixture and cured at 
20 °C and a relative humidity (R.H.) higher than 95 %. They were demoulded 
after 24 h and cured under the same conditions until the age of 28 days. The 
results are tabulated in Table 2.7 as well. 
Table 2.6: Concrete compositions. 
 OPC HSR S50 S70 
Sand 0/4 [kg/m³] 781 781 778 776 
Aggregate 2/8 [kg/m³] 619 619 615 614 
Aggregate 8/16 [kg/m³] 480 480 478 475 
OPC [kg/m³] 350 - 175 105 
HSR [kg/m³] - 350 - - 
BFS [kg/m³] - - 175 245 
Water [kg/m³] 157.5 157.5 157.5 157.5 
W/B-factor [-] 0.45 0.45 0.45 0.45 
BFS/B-factor [%] 0 0 50 70 
SP (ml/kg B) 1.2 1.2 2.9 2.9 
Table 2.7: Fresh concrete characteristics and compressive strength at 28 days. 
 OPC HSR S50 S70 
Slump S3 S3 S3 S3 
Air content 
[%] 
2.4 (n = 10) 1.9 (n = 6) 2.6 (n = 8) 2.0 (n = 5) 
Density 
[kg/m³] 
2387  2388  2378  2373  
Compressive 
strength 
[N/mm²] 
60.43 57.98 51.42 39.55 
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2.2.2. Mortar 
Mortar mixtures were made based on the standard mortar mixtures according 
to NBN EN 196-1 (2005), namely 1350 ± 5 g CEN standard sand, 450 ± 2 g 
cement and 225 ± 1 g water. The only difference is that the CEN standard 
sand was replaced by sand 0/4 as described in Part 0 and the water-to-binder 
ratio (W/B) was maintained at 0.45. Besides, in some mixtures, a part of the 
cement was replaced by BFS, according to the following BFS/B ratios: 0 and 
0.5. Table 2.8 gives an overview of the compositions of the used mortar 
mixtures. 
Table 2.8: Mortar compositions. 
 M-OPC M-HSR M-S50 
Sand 0/4 [g] 3000 3000 3000 
OPC [g] 1000 - 500 
HSR [g] - 1000 - 
BFS [g] - - 500 
Water [g] 450 450 450 
W/B-factor [-] 0.45 0.45 0.45 
Sand/B-factor [-] 3 3 3 
BFS/B-factor [%] 0 0 50 
2.2.3. Cement paste 
In this research cement pastes with a water/binder ratio of 0.45 and 
BFS/binder ratios of 0 and 0.5 were prepared, as can be seen in Table 2.9. 
Table 2.9: Cement paste compositions. 
 
 
 
 
 CP-OPC CP-S50 
OPC [g] 1000 500 
BFS [g] - 500 
Water [g] 450 450 
W/B-factor [-] 0.45 0.45 
BFS/B-factor [%] 0 50 
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 Literature review - Combined 
attack of chlorides and sulphates 
3.1. Introduction 
A lot of damage is reported for constructions in marine, coastal and offshore 
environments (Song et al., 2009, Kwon et al., 2009, Sibbick et al., 2003, Costa 
and Appleton, 1999b, Costa and Appleton, 1999a, Pack et al., 2010, Lindvall, 
2007, Castro et al., 2001). Marine environments are very aggressive, since sea 
water consists mainly of chlorides and sulphates. Both ions can be very harmful 
for the durability of reinforced concrete structures. Chlorides affect the 
durability by initiating corrosion of the reinforcement steel, and sulphates by 
deteriorating the concrete itself. Concrete structures in marine environments 
mostly have a high economic impact (e.g. bridges, wharfs, piers, tunnels, etc.), 
so it is important to understand the attack mechanisms and their interaction in 
detail in order to predict concrete’s service life as exactly as possible. 
Chlorides and sulphates do not only exist concomitantly in marine environments 
but also in some industrial wastewater, e.g. wastewater from the textile industry 
(Parande et al., 2011) or in specific environments such as sabkha grounds, e.g. in 
the Middle East (Al-Amoudi, 1995).  
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3.2. Chloride attack 
Chlorides will not affect the concrete directly but they affect the durability by 
initiating corrosion of the reinforcement steel.  
3.2.1. Attack mechanism 
The ingress of chlorides can affect the passivating layer on reinforcement bars 
(initiation phase), which inhibits corrosion of the steel. Corrosion of the 
reinforcement starts when the chloride concentration at the steel reaches a 
threshold level, which is called the critical chloride concentration (start of the 
propagation phase). Figure 3.1 shows the relation between the chloride 
concentration at the reinforcement and the degree of corrosion, with indication 
of the initiation and propagation phase.  
 
Figure 3.1: Definitions for chloride thresholds (based on Tuutti's model (Tuutti, 1982) as 
cited in (Angst et al., 2009)). 
So, a minimum concentration of chlorides is necessary to start depassivation. In 
most standards and scientific literature the total chloride content (relative to the 
mass of cement, binder or concrete) is being limited. However, the free chloride 
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content (relative to the mass of cement, binder or concrete) is actually more 
relevant because only the free chlorides will initiate corrosion (Kayyali and 
Haque, 1995, Suryavanshi et al., 1998).  
There are different ways in which chlorides can penetrate into the concrete: 
diffusion when the concrete is saturated, capillary sorption when the surface is 
dehydrated or under the influence of a hydrostatic gradient (Tang, 1996, Shi et 
al., 2007). Of these three transport mechanisms which can bring chlorides into 
the concrete/mortar to the level of the rebar, the principal method is that of 
diffusion. In marine structures, it is rare for a significant hydraulic head to be 
exerted on the structure, and the effect of absorption is typically limited to a 
shallow cover region. In the bulk of the concrete, the pores remain saturated and 
chloride ion movement is controlled by concentration gradients (Stanish et al., 
1997). 
If chlorides, e.g. in the form of NaCl, are present in the pore solution around the 
reinforcement, a microcel is formed, see Figure 3.2.  
 
Figure 3.2: Chloride-induced corrosion (CUR Rapport 172, 1998). 
At the cathode, the sodium ions will neutralise the released hydroxyl ions. The 
iron ions released at the anode, react with the chlorides locally. Iron chloride is 
formed which is soluble and oxidises to rust as shown in the anode reactions 
(Eq. 3.1). Since chlorides are regenerated, the chloride concentration at the 
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anode increases and corrosion proceeds. This process is called pitting and causes 
a local reduction of the diameter of the reinforcement. 
Fe2+ + 2Cl-  FeCl2      
 FeCl2 + 2H2O  2HCl + Fe(OH)2              (3.1) 
4Fe(OH)2 + O2  2(Fe2O3.H2O) + 2H2O   
Another condition before chloride initiated corrosion would take place is related 
to the current resistance, which has to be low. The resistance decreases when the 
moisture content of the pore structure increases and when there are more 
continuous pores. Furthermore, also the presence of oxygen stimulates 
corrosion. 
3.2.2. Chloride diffusion 
Diffusion of ions (in this case Cl--ions) is described by Fick’s laws. Fick’s first 
law (Eq. 3.2) counts for steady-state conditions, which means there is no change 
in flow. 
 𝐽 = −𝐷
𝑑𝑐
𝑑𝑥
       (3.2) 
Fick’s second law (Eq. 3.3) counts for non-steady-state conditions, i.e. 
conditions where the flow of ions is not constant. This means that the ion 
concentration will change in time. However, the diffusion coefficient is assumed 
to be constant. 
 
𝜕𝐶
𝜕𝑡
=
𝜕
𝜕𝑥
(𝐷
𝜕𝐶
𝜕𝑥
) = 𝐷
𝜕2𝐶
𝜕𝑥2
      (3.3) 
Here J is the flux (mol/m2s), D is the diffusion coefficient (m2/s), x the depth 
(m), t the time (s) and C the ion concentration (mol/m3). 
Solving the second law (Eq. 3.3) using the boundary conditions C = Ci (x = 0, 
t > 0) and C = 0 (x > 0, t = 0), results in the classical error function solution (Eq. 
3.4). 
 𝐶(𝑥, 𝑡) = 𝑐0 [1 − 𝑒𝑟𝑓 (
𝑥
2√𝐷𝑡
)]     (3.4) 
When an external electrical field exists (e.g. migration test to accelerate chloride 
ingress), Cl--ions move fast towards the positive electrode, this is described by a 
part of the Nernst-Planck equation (Eq. 3.5), namely without the advection term 
(Andrade, 1993). 
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 𝐽 (𝑥) = −𝐷 [
𝜕𝐶(𝑥)
𝜕𝑥
+
𝑍𝐹𝐸
𝑅𝑇
𝐶]     (3.5) 
Here R is the universal gas constant (8.314 J/(mol·K)), T the temperature (K), F 
Faraday’s constant (9.648 x 104 J/(V · mol)), Z the valence of the ion (-1 for Cl−) 
and E the electrical field (V/m). In this equation D is time-independent. 
Based on diffusion coefficient measurements it seems that diffusion is time-
dependant (Costa and Appleton, 1999a) but also temperature-dependant. 
Nevertheless, most of the laboratory tests are performed at 20 °C. Concerning 
the influence of fluctuating temperatures on chloride diffusion, some researchers 
(Lindvall, 2007, Matsumura et al., 2008, Otsuki et al., 2009, Yang and Liang, 
2009) found that chloride diffusion rises with increases in temperature. These 
researchers investigated temperatures ranging from 20 °C until 105 °C. 
Nevertheless, the sea water temperatures in marine environments in Western 
Europe are mainly in the range of 5 °C to 20 °C. In tropical environments, 
temperatures increase until 40 °C and do not drop under 20 °C (Castro et al., 
2001). Yuan et al. also investigated the influence of temperatures in the range of 
5 °C to 40 °C and found that higher temperatures result in higher diffusion 
coefficients. Temperature variations alter the chloride penetration depth, but not 
the trend of the chloride profile (Yuan et al., 2009). 
A significant increase in the chloride ingress into concrete was observed when 
the exposure temperature was increased from 20 to 45 °C, particularly at small 
depths. However, at depths of more than 45 mm, the increase in temperature had 
an insignificant effect (Al-Khaja, 1997). 
In addition, the rate of ingress of chlorides into concrete depends on the pore 
structure of the concrete and the water to binder ratio (Costa and Appleton, 
1999a, Stanish et al., 1997, Khatib and Mangat, 2002, Leng et al., 2000, Xu et 
al., 2013, Bader, 2003). Generally, the chloride ion diffusion coefficient 
increases with the rise of the W/C ratio. According to Yang (2006) the capillary 
porosity of cement-based materials strongly influences its diffusion coefficient. 
In addition, they also found that the diffusion coefficient increases with an 
increase in the continuous pore diameter. The diffusion coefficient and 
continuous porosity are linearly correlated. The chloride diffusion coefficient is 
influenced by the connectivity of pores in the cement-based materials. 
Chapter 3  
26 
According to Dhir et al. (1996), the chloride binding capacity of the cement 
matrix becomes the dominant factor in how resistant the concrete is to chloride 
permeation when concrete is designed to have a minimum volume of voids. 
In addition, Leng et al. (2000) found that the chloride ion diffusion coefficient 
may decrease with the rise in quantity of fly ash or blast furnace slag. Both fly 
ash concrete and blast furnace slag concrete have high resistance to diffusion of 
chloride ions, which is also confirmed in previous research (Maes et al., 2013, 
Bleszynski et al., 2002, Xu et al., 2013). The influence of supplementary 
cementitious materials on the resistance against chloride penetration is discussed 
in part 3.2.3. 
Concerning the influence of the cation associating the Cl- ion, Mu (2012) 
investigated the presence of increasing Mg2+ concentrations from 0 mol/l to 0.25 
mol/l in a NaCl solution of approximately 2.5 mol/l. He found that the apparent 
diffusion coefficient first increases and then decreases with increasing Mg2+ 
concentration, as can be seen in Figure 3.3. 
 
Figure 3.3: Chloride diffusion coefficient in function of the magnesium content in an 
NaCl solution (Mu, 2012). 
It is clear that chloride penetration in concrete structures exposed to marine 
environment is highly dependent on concrete quality and exposure conditions. 
High penetration rates were observed in the submerged zone and the tidal zone, 
followed by the spray zone. The atmospheric zone showed much less 
penetration. This proves that marine environment’s aggressiveness varies 
considerably with the exposure conditions (micro-environments) and thus the 
durability requirements shall also be differentiated (Costa and Appleton, 1999a). 
In this research, the cementitious materials are mainly totally submerged. 
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3.2.3. Chloride binding 
Concerning concrete deterioration due to chlorides, it is important to notice that 
corrosion will only be initiated by the free chlorides and not by the fraction that 
is chemically bound to the cement hydrates or physically adsorbed at the pore 
walls. So, chloride binding is a significant factor related to reinforced concrete 
durability for three reasons (Glasser et al., 2008): reduction of the free chloride 
concentration in the vicinity of the reinforcing steel will reduce the risk of 
corrosion; chloride binding will delay the chloride penetration; formation of 
Friedel’s salt results in a less porous structure and slows down the transport of 
Cl--ions. Friedel’s salt (3CaO.Al2O3.CaCl2.10H2O) is the result of chemical 
binding between chlorides and C3A. In the case of admixed NaCl the chloride 
binding occurs by the following reactions: 
 Ca(OH)2 + 2NaCl  CaCl2 + 2Na- + 2OH-   (3.6) 
C3A + CaCl2 + 10H2O 3CaO.Al2O3.CaCl2.10H2O   (3.7) 
Chemical binding can also occur between chlorides and C4AF. Besides, physical 
binding occurs due to interaction with CSH.  
So, in concrete, chlorides can exist either in the pore solution, chemically bound 
with concrete C3A or C4AF phases (e.g., Friedel’s salt), or physically adsorbed 
to the surface of hydration products (e.g., adsorption on CSH). Chloride binding 
removes chloride ions from the pore solution, and slows down the rate of 
penetration. With water-soluble and acid-soluble chlorides referred to as free 
and total chlorides respectively, the total chloride diffusivity was found to be 
near three times the free chloride diffusivity (Lu et al., 2002). While previous 
studies (Kayyali and Haque (1995) and Suryavanshi et al. (1998) cited in Shi et 
al. (2012)) suggest that only free chloride ions in the pore solution are 
responsible for initiating corrosion of the steel, Glass and Buenfeld (2000) and 
Reddy et al. (2002) (cited in Shi et al. (2012)) indicated that bound chlorides 
may also present a significant risk to steel corrosion since large part of bound 
chlorides can be released as well. 
Factors influencing chloride binding are (Delagrave et al., 1997, Izquierdo et al., 
2004, Yuan, 2009, Tang, 1996): chloride concentration, cement type, cement 
replacement, cation, alkalinity, temperature, water-binder factor, etc. The factors 
which are of interest for this research, are discussed. 
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Chloride concentration 
According to Thomas et al. (2012) the chloride binding at high free chloride 
concentrations (Cf ≥ 1 M) is largely due to the formation of Friedel's salt. In 
addition, they found that if the free chloride content of the pore solution 
decreases (e.g. due to leaching) a portion of the bound chloride is released, but a 
significant portion appears to be irreversibly bound. They also found some 
evidence that Kuzel's salt (3CaO.Al2O3·(0.5CaCl2) (0.5CaSO4)·12H2O) may 
form at the expense of Friedel's salt when the paste samples, originally exposed 
to high chloride concentrations are subsequently exposed to a chloride free 
solution. 
Florea and Brouwers (2012) concluded that at lower chloride concentrations, a 
high content in C3A is beneficial for the ability of an OPC paste to bind 
chlorides, while at higher external chloride concentrations (for instance in salty 
lakes), the sulphate content also becomes important. 
The monosulphate phase reacts with chlorides and the reaction products are 
concentration dependent. The reactions start at chloride concentrations below 
0.1 M. At low chloride concentrations, Kuzel's salt forms and persist for a 
noticeable chloride concentration range (0 M < Cf < 1 M). At high chloride 
concentrations, Friedel's salt forms. The monosulphate seems to fully transform 
into Friedel's salt at chloride concentrations higher than 1 M. (Zibara, 2001). 
Cement type 
Each cement type has a maximum chloride binding capacity. Below this limit, 
the free and bound chloride content both increase as the external chloride 
concentration increases. Once the limit has been reached, only the free chloride 
concentration increases (Izquierdo et al., 2004, Delagrave et al., 1997, Yuan, 
2009, Thomas et al., 2012). 
The chemical binding capacity of cementitious materials depends on the Al2O3 
and Fe2O3 content of the cement (Angst et al., 2009, Delagrave et al., 1997, 
Izquierdo et al., 2004, Alonso et al., 2002, Barberon et al., 2005, Gruyaert, 
2011b). In addition, the total amount of bound chlorides and the formation of 
chloroaluminates are probably more related to the total aluminate content (C3A 
+ C4AF) than to the C3A content. Although, an increase in C3A content results in 
a decrease in free chloride concentration (Rasheeduzzafar et al., 1992). In 
addition, physical binding is influenced by the CSH content. The binding 
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capacity is reduced for lower C/S ratios in CSH (Tang and Nilsson, 1993, 
Beaudoin et al., 1990). Delagrave et al. (1997), conclude that the total amount of 
bound chlorides was found to be independent of the W/B ratio and the type of 
binder when it is expressed as a unit mass of cement gel.  
According to several researchers (Al-Khaja, 1997, Suryavanshi et al., 1995) it 
seems that the sulphate resistant Portland cement also binds moderate amounts 
of chlorides and the binding is characterised by the formation of calcium 
chloroferrite C3F.CaCl2.10H2O. The C4AF content of the cement is responsible 
for the formation of this product. 
Supplementary cementitious materials  
Cement replacement by FA, BFS or silica fume seems to have a positive 
influence on the resistance of concrete against chloride penetration (Angst et al., 
2009, Izquierdo et al., 2004, Shi et al., 2012, Tang, 1996, Maes et al., 2013, 
Gruyaert, 2011a, Tumidajski and Chan, 1996, Zibara, 2001). However, the 
effect of SCM’s on chloride binding is varied, with ground granulated blast 
furnace slag and fly ash generally showing increased chloride binding and silica 
fume showing a decrease in binding capacity (Lindvall, 2007). According to 
Lindvall and Thomas (Lindvall, 2007, Thomas et al., 2012) the amount of 
binding generally increases with the (available) alumina content of the SCM.  
BFS concrete is already used in massive marine structures because of the low 
hydration heat (De Schutter, 1999). Besides, partial replacement of OPC by BFS 
is considered as a promising way to improve concrete’s service life when the 
prediction is based on chloride penetration. Based on a literature review, Luo et 
al. (2003a) confirmed the beneficial role of slag in dramatically reducing the 
chloride ion penetration, especially at relatively high replacement levels (45–
65%) and low W/C ratio (0.40). The significant reduction in chloride ion 
penetrability is attributed to  densification of the microstructure (Otieno et al., 
2014).  
Ground granulated BFS was found to considerably improve the pore structure of 
concrete, increase its chloride-binding capacity (Luo et al., 2003a, Dhir et al., 
1996, Xu et al., 2013), and reduce its chloride diffusivity (Shi et al., 2012, 
Gruyaert, 2011b). The slag addition tends to improve both chemical and 
physical binding of chloride ((Gouda, 1970, Arya et al., 1990, Al-Gahtani et al., 
1994) as cited in Shi et al. (2012)).  
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Luo et al. (2003b) concluded that especially chemical binding increases 
considerably in the presence of BFS. This increased binding capacity is 
attributed to increased Friedel’s salt formation. Replacement of 70 % of the 
cement by BFS is the most suitable in view of chloride binding. Also the 
physical binding of chlorides (Arya et al., 1990) seems to increase. According to 
Xu (1997), the higher binding capacity of slag cement would be due to the 
dilution effect of sulphate ions and mainly due to the high alumina contents in 
BFS, which results in the formation of more Friedel’s salt (Xu et al., 2013). 
On the other hand, former research does not always show a higher chloride 
binding capacity of BFS concrete compared to OPC concrete (Bleszynski et al., 
2002, Yuan, 2009, Gruyaert, 2011b). Although, when cured properly, BFS 
concrete possesses a finer pore structure resulting in a limited penetration depth 
of free chlorides and consequently a reduced risk for chloride initiated corrosion 
in comparison with OPC concrete. According to Bouteiller et al. (2012) the 
beneficial effect on chloride penetration is more likely to be due to transport 
properties rather than binding. 
The chloride diffusion coefficient of BFS concrete reaches lower values than the 
coefficient of OPC concrete (Angst et al., 2009, Bleszynski et al., 2002, Leng et 
al., 2000, Maes et al., 2013, Rajamane et al., 2003). Bleszynski et al. (2002) 
mention that concrete with 50 % BFS has the lowest diffusion coefficient and 
also the lowest surface concentration compared to OPC and 35 % BFS concrete. 
The slag they used had an Al2O3 content of 9.71 % and a Fe2O3 content of 0.56 
%. This is also found by Gruyaert (2011b) who used BFS with similar amounts 
of Al2O3 and a Fe2O3. Leng et al. (2000) also confirm that this mixture has the 
lowest diffusion coefficient. However, they compared the 50 % BFS concrete 
with OPC concrete, 20 % and 40 % BFS concrete. Here the Al2O3 content of the 
BFS amounted to 11.40 % and the Fe2O3 content to 0.33 %. In addition, it is 
generally assumed that the diffusion coefficient of BFS concrete decreases faster 
with age than that of OPC concrete (Pack et al., 2010).  
It is worth mentioning that according to Xu (1997), the higher chloride binding 
capacity of slag cement is due to the lower content of sulphate ions in that type 
of binder. He found that the higher binding capacity disappears when the 
sulphate level in slag cement paste is increased up to that of OPC paste. In other 
words, the beneficial effect of the BFS is caused by the dilution of sulphates in 
the BFS mixture. Furthermore, Luo et al. (2003) also concluded that the lower 
content of sulphate of BFS is one of the reasons for the better performance of 
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BFS concrete towards chloride induced corrosion. Nevertheless, it does not 
exclude the possibility of other reasons behind the increase in chloride binding, 
such as the higher aluminate content in BFS which might lead to higher levels of 
formation of Friedel's salt (Zibara, 2001). 
Cation and pH 
The percentage of bound chlorides depends on the type of salt. NaCl yields a 
higher amount of free chlorides and a lower amount of bound chlorides in 
comparison to CaCl2 or MgCl2 (Angst et al., 2009, Delagrave et al., 1997, Yuan, 
2009). The latter is also shown by De Weerdt et al. (2014b) in Figure 3.4. They 
found that MgCl2 exposure solutions lead to considerably higher chloride 
binding for free chloride concentrations higher than approximately 0.25 M. The 
higher chloride binding is caused by a decrease in the pH and a consequent 
augmentation of the chloride uptake in the CSH. The magnesium content in the 
sea water could also lead to a pH decrease. However, the magnesium content in 
sea water is limited and the slight decrease in pH observed for sea water does 
not result in a notable increase of the chloride binding when comparing to for 
example NaCl exposure. As described in Dyer (2014) a low pH provides a 
greater chloride binding capacity. It has been suggested that this is because OH- 
and Cl- ions compete for similar locations within and on the surface of hydration 
products. 
 
Figure 3.4: Chloride binding isotherms for the different tested solutions of the Portland 
cement paste as a function of the chloride concentration of the added solutions (left) and 
the free chloride concentration (right) (De Weerdt, 2014). 
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Temperature 
The amount of bound chlorides decreases with increasing temperatures, due to 
the increased thermal vibration of the adsorbates (physical adsorption decreases) 
and the increased solubility of Friedel’s salt (Al-Amoudi et al., 1994). Zibara 
(2001) confirmed this statement for temperatures between 7°C and 38 °C and 
for low chloride concentrations (< 0.1 mol/l), but found the opposite relationship 
for high concentrations (3 mol/l).  Nguyen et al. (2009) found that the 
temperature level, in the range of 5°C to 35°C, seems to have no impact on the 
chloride binding kinetics in a range of chloride concentration of 0 - 20 g/l (= 
0 - 33 g/l NaCl). On the other hand, they conclude that the diffusion coefficient 
of chloride increases with the temperature level, which is in accordance with 
Care (2008) and Otsuki et al. (2009). 
According to Lindvall (2007) it seems that in field conditions the main 
influencing factor on chloride ingress into concrete is the temperature of the 
seawater. However, this conclusion has been drawn from measurements of the 
total chloride content in concrete. If the effects on the bound or free chloride 
content had been studied instead, the results may have been different. 
3.2.4. Test methods 
For a detailed overview of test methods the author refers to the PhD thesis of 
Yuan, which handles about this topic (Yuan, 2008). In addition, a more recent 
overview is given in Chapter 3 of the book Resistance of Concrete to Chloride 
Ingress Testing and modelling (Tang et al., 2012). 
Setup 
The ingress of chloride ions in concrete is an important process with regard to 
durability, however, it is a quite slow and complicated phenomenon (Stanish et 
al., 1997, Tang et al., 2012). In order to assess chloride penetration, test 
methods that accelerate the process are needed, to allow the determination of 
diffusion values in a reasonable time. Many methods have been proposed for 
testing chloride ingress. Castellote and Andrade (2006) collated details of 
various laboratory test methods through an international network, RILEM TC 
178-TMC Testing and Modelling Chloride Penetration in Concrete. These 
methods can be categorised in different ways according to the test principles, 
e.g. diffusion or migration, steady-state or non-steady state, conventional or 
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accelerated, and laboratory or field applicable. Only the factors which are 
relevant to this research are described in this literature review.  
On the one hand there are methods which simulate the natural process of 
chloride penetration. This includes natural diffusion or immersion tests. From 
the literature it is clear that the chloride concentration in the exposure solution 
can be close to that of natural seawater (e.g. 3–6% NaCl, approximately 0.55–
1.0 mol/l), or as high as about 3 mol/l (165 g NaCl per liter), as used by 
Frederiksen (1992) (cited in Tang et al. (2012)) and in NT Build 443 (1995). 
The minimum duration of the test depends on the chloride concentration, namely 
3 months or 5 weeks, respectively. Results are obtained by measuring chloride 
concentrations at different depths. The proposed intervals slightly differ per test 
method. In the end, in case of natural diffusion tests whether with an increased 
chloride concentration or not, the diffusion coefficient can be obtained by curve-
fitting the chloride profile to the error function solution  of Fick’s second law 
(see Eq. 3.4). However, some researchers say that due to the simplification of 
Fick’s law when describing chloride transport in concrete, the curve-fitted 
diffusion coefficient obtained using Eq. 3.4 is strongly dependent on the 
exposure period (Tang et al., 2012). 
On the other hand accelerated test methods are developed where chlorides are 
forced into the specimen. An external electrical field is often used in rapid test 
methods, which give a test duration of a few hours to less than a week. A 
number of rapid methods is available, however one of the most common is the 
NT Build 492 (1999) method which is a non-steady state migration test and also 
known as the rapid chloride migration (RCM) test. In addition, also the 
American standardized testing procedure, described in ASTM C 1202 (2005) is 
well-known. This rapid chloride penetration test is performed by monitoring the 
amount of electrical current that passes through a sample in a fixed time period 
of a couple of hours.  
Measuring chloride penetration 
Results are obtained by visualizing the chloride penetration front or by 
measuring the chloride concentrations at different depths, i.e. obtaining a 
chloride profile. In case of RCM tests, the free chloride penetration depth is 
visualised by spraying AgNO3 which results in a colour change boundary. 
Subsequently, the measured chloride penetration depth (colour change 
boundary) is used to calculate the chloride migration coefficient (NT Build 492, 
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1999). When natural diffusion tests are performed, the chloride diffusion 
coefficient is calculated by fitting the error function solution of Fick’s second 
law (Eq. 3.4) to the measured chloride profiles (NT Build 443, 1995). 
Concerning the extraction of chlorides in order to perform titrations and to 
calculate chloride concentrations, an overview of the techniques can be found in 
the report of Castellote et al. (2001) about a Round-Robin test carried out by the 
Rilem TC 178-TMC  and in the AFREM-report  of Chaussadent and Arliguie 
(1999). The total chloride content is generally extracted by means of an acid 
solution. In most cases HNO3 is used, however, the exact composition of the 
solutions may vary a little bit. The free chloride concentration, which 
corresponds to the chloride content in the pore solution, can best be obtained by 
squeezing concrete samples at high pressures. Since this technique is complex 
and difficult, methods based on leaching (with distilled or alkaline water) are 
frequently used as alternative. Mostly the water soluble chloride content is 
determined, including the chlorides which are extracted by leaching with water. 
However, the water-soluble chloride content generally overestimates the free 
chloride content since part of the bound chlorides are also extracted (Castellote 
et al., 2001). Therefore, a relationship between the water-soluble chloride 
content and the free chloride content has to be established. In Yuan (2008), a 
literature review is given, which reveals that linear and power law functions are 
generally applied to express the relation. However, since the amount of 
chlorides extracted by water is influenced by many factors (e.g. water-to-solid 
ratio, temperature, particle size, leaching time and solvent), it is emphasized that 
for each procedure a dedicated regression between free and water-soluble 
chloride contents had to be drawn. Yuan (2008) found a linear relationship (Eq. 
3.8) between the free chloride content Cf (pore expression method) and the 
water-soluble chloride content Cw as determined according to the procedure 
described in Yuan (2008). 
𝐶𝑓 = 0.8 𝐶𝑤             (3.8) 
While the water-soluble chloride content can overestimate the free chloride 
content, acid-soluble chloride content can underestimate the total chloride 
content (Glass et al., 1996). From the literature review of Angst et al. (2009), it 
seems that the acid extraction technique cannot completely dissolve all the 
chlorides from the powder samples. They mention that maximum 70 % (up to 
90 %) of the true content can be extracted. 
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Besides, AgNO3 spray tests are based upon the reaction of unbound, i.e. free 
chlorides with a silver nitrate aqueous solution sprayed onto the cross section of 
a freshly split concrete sample. This method is also described in NT Build 492. 
The reaction of silver nitrate with unbound chlorides produces silver chloride 
being precipitated on the cross-section (Baroghel-Bouny et al., 2007). In most of 
the cases, the chloride-affected zone appears light grey (or white), whereas the 
chloride-free zone is dark grey (or black). Nevertheless, some issues need extra 
attention, such as the chloride concentration at the colour change boundary and 
how it is influenced by environmental factors, since no consensus can be found 
in literature. Overviews concerning the different values found in literature are 
shown in the work of Yuan (2008) and Gruyaert (2011). In addition, the 
influence of BFS on the chloride concentration at the colour change boundary 
was also investigated by the author in former research (Maes et al., 2013). 
Besides, NT Build 492 (1999) assumes a chloride concentration at which the 
colour changes of 0.07 N for OPC concrete. This value is used as a parameter in 
order to calculate the chloride migration coefficient with a simplified formula. 
Previous research of the author showed that the formula for OPC can also be 
used to calculate the chloride migration coefficient for BFS concrete. 
It should also be kept in mind that the colour change boundary can be influenced 
by other factors rather than supplementary cementitious materials. From the test 
results obtained by Kim et al. (2007), it is noted that, when the colorimetric 
method is used to measure the chloride penetration depth, two reactions were 
shown, i.e. a white precipitate of AgCl and a precipitate of AgOH. Yuan et al. 
(2009) pointed out that the latter precipitate formed on the surface of concrete is 
silver oxide since silver hydroxide is unstable and decomposes to silver oxide 
instantaneously. In addition, they conclude that the amount of silver chloride 
formed decreases linearly as the OH-/Cl- ratio increases. Since silver chloride is 
white and silver oxide is dark brown, it will be very difficult to distinguish the 
colour of precipitated products from concrete when the OH-/Cl- ratio is higher 
than 4. So, the concentration of hydroxyl ions (or pH value) in concrete pore 
solution has an influence on the critical chloride content at the colour change 
boundary. 
The results of an inter-laboratory comparison by Tang and Sørensen (1998) 
show that values of the diffusion coefficient obtained using the RCM test on the 
one hand and the natural immersion test on the other hand are fairly comparable, 
although the former gives slightly higher values (Castellote and Andrade, 2005; 
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Castellote and Andrade, 2006). However, as it is not known to what extend the 
diffusion tests reproduce real conditions, it has been concluded that, by the lack 
of a reference method reproducing realistic conditions, either diffusion or 
migration tests cannot be used more than for comparative purposes (Andrade et 
al., 2000). According to the results obtained by Baroghell-Bouny et al. (2007) 
the behaviour of a set of concretes exposed to the same chloride-contaminated 
environment can easily be quantified and compared, even if BFS is added to 
partially replace OPC. 
In this research, accelerated test methods are applied, namely an accelerated 
diffusion test by increasing the chloride concentration of the test solution and an 
electrical migration test where the chlorides are forced into the concrete under 
the action of an electrical field.  
3.3. Sulphate attack 
The other main attack mechanism in marine environments is external sulphate 
attack. This occurs when water contaminated with sulphates penetrates into the 
concrete by means of diffusion or capillary suction. The ingress of sulphates in 
concrete structures can cause severe deterioration such as cracking, spalling, 
increased permeability and strength loss. However, it is a long-term process.  
3.3.1. Attack mechanism 
Sulphates will chemically bind with the products formed during the hydration 
process of the Portland clinker, namely calcium silicate hydrate (CSH), calcium 
hydroxide (CH) and calcium aluminate hydrates. So, chemical reactions 
between sulphates and hydrated cement components occur and yield the 
following reaction products (Liu, 2010): secondary gypsum, secondary 
ettringite, thaumasite and brucite. 
It is generally assumed that gypsum leads to reduction of stiffness and strength, 
expansion and cracking and eventually to transformation of the material into a 
mushy and non-cohesive mass. Besides, ettringite has the ability to swell 
strongly, which results in a densification of the microstructure followed by 
internal stresses that lead to cracking and destruction of the concrete (Brown and 
Badger, 2000). Whether gypsum formation results in expansion is disputed in 
literature (Tian and Cohen, 2000). Roziere et al. (2009) and Santhanam et al. 
(2003) mention that ettringite as well as gypsum have an expansive and 
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destructive character, while Schmidt et al. (2009) claim that the contribution of 
gypsum is limited while the expansion of ettringite dominates. As described by 
Kunther et al. (2013), deterioration due to expansion of the reaction products 
will only occur when there is a coexistence of ettringite and gypsum. Next to the 
volume increase, which is the prerequisite for expansion, also supersaturation in 
the solution and force exerted by the formed minerals are decisive. In addition, 
thaumasite formation leads to strength loss and decomposition of the 
microstructure.  
Next, a brief overview is given of the main reactions (products) causing 
deterioration due to external sulphate attack. 
Secondary gypsum 
Gypsum is, together with ettringite, one of the common reaction products of 
sulphate attack. Gypsum or calcium sulphate (CaSO4.2H2O) is the product of the 
reaction between CH or CSH, SO42- and water. If the pH is between 12.4 and 
12.9, portlandite can be converted to gypsum (Bellmann et al., 2006, Hime and 
Mather, 1999). 
Ca(OH)2 + SO42- + 2 H2O  CaSO4.2H2O + 2OH-  (3.9)  
If the pH value of the pore solution is lower than 11.4, CSH will decompose and 
this will lead to the formation of gypsum as well (Bellmann et al., 2006): 
CSH + SO42- + 2H2O  
      CaSO4.2H2O + Ca-depleted CSH                         (3.10)  
The hardened cement paste contains a large amount of portlandite that is usually 
present in local agglomerates. A transformation of this portlandite into gypsum 
is accompanied by an increase in volume, as the molar volume of gypsum is 
higher than that of portlandite. This excess volume is unable to fill capillary 
pores, because the growing gypsum crystals are much larger than the pores. 
Thus, the conversion of portlandite to gypsum at high sulfate concentrations can 
lead to expansion and microcracking (Bellmann et al., 2006). 
Secondary ettringite  
Primary ettringite is formed during hydration of the cement. It is the reaction 
product from SO42-, CH, C3A and water (Hime and Mather, 1999). At early 
ages, ettringite formation is not harmfull but it even has advantages such as 
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densification of the matrix. On the other hand, secondary ettringite 
(3CaO.Al2O3.3CaSO4.32H2O) is formed in cementitious materials due to 
penetration of sulphates and the reaction with monosulphate (Marchand et al., 
2003); 
4CaO.Al2O3.SO4.12H20 + 2Ca2+ + SO42- + 20H2O  
      3CaO.Al2O3.3CaSO4.32H2O                (3.11) 
It should be noted that ettringite is not stable when the pH value is below 11.5. 
In that case, ettringite decomposes to gypsum (Santhanam et al., 2001, Mehta, 
2000). 
Thaumasite 
Thaumasite (Ca3Si(CO3)(SO4)(OH)6.12H2O) can be formed as sulphates or 
ettringite react with CSH, carbonate, Ca2+ ions and excess water. However, the 
reactions are not exactly known since different reactions are possible (Liu, 
2010). Thaumasite is not expansive but lowers the strength and has a negative 
influence on the microstructure. 
According to the test on mortar bars performed by Ramezanianpour and Hooton 
(2013), results show that the mortar bars initially formed ettringite and gypsum 
causing some expansion, but expanded much more and ultimately disintegrated 
due to thaumasite formation. They conclude that the opening up of the 
microstructure, caused by extensive cracking of the samples at the early stages 
was a prerequisite for the formation of thaumasite. 
Brucite 
The primary step in the interaction between hydrated cement paste and a MgSO4 
solution is a reaction of MgSO4 with CH of the paste, yielding gypsum as well 
as brucite (Mg(OH)2) (see also Eq. 3.9) (Marchand et al., 2003, Brown and 
Badger, 2000): 
Ca(OH)2 + MgSO4 + 2 H2O  CaSO4.2H2O + Mg(OH)2            (3.12) 
Out of these, magnesium hydroxide is practically insoluble. The formation of 
Mg(OH)2 also lowers the pH of the pore solution which destabilizes CSH. 
Ultimately, this phase converts to an amorphous hydrous silica [SiO2 – silica 
gel] or to a magnesium silicate hydrate (Alexander et al., 2012). In addition, CH 
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is released in the solution. CH reacts again with MgSO4 and the process 
proceeds (Marchand et al., 2003).  
So, magnesium can also replace Ca2+ from CSH and form MSH 
(3MgO.2SiO2.2H2O) (Brown and Badger, 2000, Alexander et al., 2012, 
Marchand et al., 2003).  
4Mg2+ + 4SO42- + 2[2CaO.SiO2] + 7H2O  
      3MgO.2SiO2.2H2O + 4[CaSO4.H2O] + Mg(OH)2                (3.13) 
MSH causes strength loss and expansion while brucite forms a protective layer, 
which slows down the degradation process (Skalny et al., 2002, Higgins, 2003, 
Dehwah, 2007). 
Physical sulphate attack 
Sulphates can also attack the concrete physically. Due to the transformation of 
thernardite (Na2SO4) to mirabilite (Na2SO4.10H2O), salt crystallization or salt 
hydration pressure can occur. However, it is not clear how these products 
exactly deteriorate the concrete. Nevertheless, most of the damage due to these 
products is found in the convection zone (Van Tittelboom and De Belie, 2009, 
Liu, 2010). 
Crystallization may occur in completely carbonated cement paste, e.g. when the 
concrete is exposed to wet-dry cycles or partly exposed to sulphate containing 
solutions. As described by Gruyaert et al. (Gruyaert, 2011a, Gruyaert et al., 
2012), it is clear that carbonation changes the sulphate attack mechanism in a 
complex way. Since there is no chemical adsorption between the salts and 
CaCO3, the aqueous film can be formed between the pore wall and the crystal 
and crystallization pressure can be built up.  
3.3.2. Influencing factors 
The main factors influencing the rate of external attack are: the quantity of 
sulphate ions, the possibility of the sulphates to penetrate into the concrete and 
the volume of C3A in the cement and the type of cement used to make the 
concrete. These factors are influenced in turn by the type of cation, pH, 
temperature, binder type as discussed in the following paragraphs. 
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Cation 
Sulphates are mostly found in the form of sodium sulphate (Na2SO4) or 
magnesium sulphate (MgSO4). These are also the most common sulphates used 
in the studies concerning sulphate attack (Liu, 2010). Although, sulphate ions 
can be found in combination with a lot of cations, most of them are alkali or 
calcium ions. The cation associated with SO42- has an influence on the attack 
mechanism and the resulting deterioration (Al-Amoudi, 1998). Sodium sulphate 
attack will result in expansive reaction products while magnesium sulphate 
attack will result in strength reduction (see 3.3.1). Na2SO4 does not affect the 
CSH phases and forms mainly ettringite and gypsum. Figure 3.5 gives an 
overview of all the reactions between OPC and Na2SO4. In addition, Figure 3.6 
shows the evolution of the Na2SO4 attack mechanism in cementitious materials. 
MgSO4 also reacts with the CSH phases, next to the reaction with CH, and 
yields ettringite, gypsum, brucite, MSH and silica gel as reaction products (Liu, 
2010, Van Tittelboom and De Belie, 2009), this is schematically shown in 
Figure 3.7. Similar to the graphs and figures for the evolution of the Na2SO4 
attack mechanisms, Figure 3.8 shows the evolution of the MgSO4 attack 
mechanism in cementitious materials. 
According to Al-Amoudi, the simultaneous deterioration by decomposition of 
CSH and by the formation of ettringite and gypsum leads to a greater corrosive 
action for magnesium sulphate than for sodium sulphate (Baghabra Al-Amoudi, 
2002).  
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Figure 3.5: Reactions taking place between Portland cement components and sodium 
sulfate solution (Marchand et al., 2003). 
 
Figure 3.6: Proposed mechanism of sodium sulphate attack (Santhanam et al., 2002). 
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Figure 3.7: Reactions taking place between Portland cement components and 
magnesium sulfate solution (Skalny et al., 2002). 
 
Figure 3.8: Proposed mechanism of magnesium sulphate attack (Santhanam et al., 
2002). 
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As can be seen in Figure 3.9, the cation type also has an influence on the OH- 
concentration. E.g. Na2SO4 and CaSO4 have opposite effects on the pore 
solution alkalinity. Na2SO4 increased the alkalinity while CaSO4 reduced it. The 
influence of MgSO4 is similar to CaSO4.  
 
Figure 3.9: The effect of sulphate added as Na2SO4 and CaSO4 on the hydroxyl ion 
concentration of the pore solution (Xu, 1997). 
pH of the pore solution 
The pH plays a major role in the formation of gypsum as described in Part 3.3.1 
(Bellmann et al., 2006).  
Concerning ettringite formation, it should be noted that ettringite is not stable 
when the pH value is below 11.5. In that case, ettringite decomposes to gypsum 
(Santhanam, 2003; Mehta, 2000). 
The pH has an influence on thaumasite formation. If the pH is lower than 10.5, 
thaumasite is not stable (Zhou et al. (2006), Jallad et al. (2003) and Crammond 
(2003) in Liu (2010)). 
Temperature 
According to Akoz et al. (1999) raising temperatures of sodium sulphate 
solutions in the range of 20 °C to 40 °C have a beneficial influence on the 
resistance of mortar against sulphate attack. However, they are not able to 
determine the dominant factor affecting the performance of mortar in a sodium 
sulphate solution at 40 °C. On the opposite, they observed that raised 
temperatures until 40 °C could have negative effects on mortar resistance in 
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magnesium sulphate solutions. They assume that this is due to decalcification of 
CSH to MSH, which leads to a porous structure.   
In addition, it is generally assumed that thaumasite is formed at temperatures 
below 15 °C, possibly causing extra deterioration. However, some researchers 
also found thaumasite at temperatures higher than 15 °C as well (Brown et al., 
2003, Sahu et al., 2002, Sahu et al., 2003). 
Sulphate concentration 
The maximum measured sulphate concentrations in ground water according to 
the European (NBN EN 206-1) and American (ACI C 318-08) standards are 
6000 ppm and 10000 ppm (6 g/l and 10 g/l), respectively. In laboratory 
conditions, tests are accelerated by increasing the sulphate concentrations of the 
test solutions. In ASTM C1012-04 the SO42- concentration is 33.8 g/l while the 
Wittekindt and SVA procedure (Verein Deutscher Zement Werke (VDZ), 2002) 
prescribe both a SO42- concentration of 29.8 g/l.  
It should be noted that the attack mechanisms can change depending on the used 
concentration (Cohen and Mather, 1991). At high Na2SO4 concentrations 
(> 8 g/l SO42-), as generally used in tests, the formation of gypsum is favoured, 
while at low concentrations (< 1 g/l SO42-), as present under field conditions, 
ettringite is preferentially formed. In addition, according to Bellmann et al. 
(2006), for a wide range of pH values, the sulphate concentration in the test 
solutions is much higher than the concentration which is required to precipitate 
gypsum. Figure 3.10 gives a graphical indication of the sulphate concentrations 
that are required to form gypsum. The sulphate concentration in laboratory test 
solutions is indicated by horizontal lines. It should be mentioned that the 
indicated sulphate concentration for the Wittekindt procedure in Figure 3.10 is 
15 g/l SO42- while the prescribed concentration in this method is 29.8 g/l SO42-. 
For a wide range of pH values, the sulphate concentration in the test solutions is 
much higher than the concentration which is required to precipitate gypsum. For 
this reason, the formation of gypsum is very likely to proceed in the test 
specimens. For MgSO4 solutions, ettringite is also produced at low 
concentrations (< 4 g/l SO42-), ettringite and gypsum both arise at intermediate 
concentrations (4 - 7.5 g/l SO42-) and Mg deterioration dominates at high 
concentrations (> 7.5 g/l SO42-) (Cohen and Mather, 1991, Van Tittelboom and 
De Belie, 2009).  
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Figure 3.10: Sulphate concentration that is required for a reaction of portlandite to 
gypsum or syngenite, calculations (line) and experimental measurements (dots). 
Potassium ions were assumed to maintain the charge balance in the solution (Bellmann, 
2006). 
Because the commonly applied test solutions are very concentrated, there is a 
very high supersaturation with respect to gypsum. In contrast, results obtained 
by Bellmann et al. (2006) suggest that at the common moderate concentrations 
up to 1500–3000 mg/l, the formation of gypsum is either not possible or cannot 
lead to damage, because supersaturation and swelling pressure are very low. The 
formation of ettringite can proceed under field conditions with moderate sulfate 
attack and also in the highly concentrated test solutions. But AFm, the precursor 
of ettringite, does not form local agglomerates as large and dense as portlandite 
does. Also, AFm is present only in a minor amount when compared to 
portlandite. 
Furthermore, Lothenbach et al. (2010) say that high sulphate concentrations, 
lead to the precipitation of ettringite and gypsum and as well to significant 
accumulation of SO3 near the surface of the sample. Furthermore, lower 
sulphate concentrations lead to ettringite but to no gypsum precipitation and to a 
less distinct accumulation of SO3 near the surface (see Figure 3.11). It should be 
noted that the presence of concentrated sodium sulphate solutions resulted not 
only in the precipitation of gypsum, but accelerated the ingress of sulphate and 
affected also the concentration of dissolved ions. 
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Figure 3.11: Phase assemblage of the mortar samples immersed in A) 4 g/L Na2SO4 and 
B) 44 g/L Na2SO4 as calculated with GEMS (Lothenbach et al., 2010). 
Also according to Lothenbach et al. (2010), even test solutions containing lower 
sodium sulphate concentrations are significantly different from solutions 
predominant under field conditions, where a number of other cations such as 
potassium, calcium and magnesium and anions, mainly bicarbonate, will also be 
present. The occurrence of bicarbonate in sulphate containing solutions lowers 
the expansion very strongly as shown experimentally by Kunther et al. (2009). 
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Cement type 
Ordinary Portland cement containing a low amount of C3A (HSR cement) was 
originally developed to increase the resistance to sulphate attack. As shown in 
Figure 3.12, a C3A content varying between 4.3 % and 12 % has a big influence 
on the resistance against expansion due to sulphate attack (Skalny et al., 2002). 
It should be emphasized that, in this case, expansion arisen from excess gypsum 
initially added to the various mixtures during their production. In that respect, 
the curves appearing in Figure 3.12 are examples of what has been referred to as 
composition-induced internal sulphate attack. Nevertheless, it gives a good 
indication of the influence of the C3A content in the cements. 
 
Figure 3.12: Expansion of mortars containing different types of cement under internal 
sulphate attack according to the prescriptions of ASTM C452 (Ouyang et al., 1988). 
Brown, Hooton, and Clark (cited in (Hooton, 2008)) examined HSR concrete 
exposed to either Na2SO4 or MgSO4 for 22 years and found them to show 
microcracking and formation of ettringite and thaumasite. Similarly, tests 
performed by Hooton (2008) on HSR cement, show that after exposure periods 
of between 7 and 20 months the specimens start to crack and ravel at the edges. 
This illustrates the point that HSR cements are only sulphate resistant and not 
immune to attack. Therefore, attempts must also be taken to make good quality 
concrete to slow sulphate penetration (Hooton, 2008). Also some field studies 
have shown that concrete structures made with this sulphate resistant cement can 
suffer from sulphate attack. Next to C3A, the role of C3S and C4AF seems to be 
important as well (Liu, 2010). 
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Supplementary cementitious materials  
The use of cement replacement materials, e.g. FA, BFS or silica fume, tends to 
improve the resistance against sulphate attack (Al-Dulaijan et al., 2003). 
Bellmann et al. (2006) have established that the addition of puzzolans increases 
the sulphate resistance of concrete. During the puzzolanic reaction, CSH phases 
are formed from portlandite with the silicon dioxide. This makes the concrete 
denser and it is more difficult for the sulphate ions to penetrate the structure. 
Furthermore, the consumption of portlandite by the puzzolanic reaction prevents 
the formation of secondary gypsum, because less calcium hydroxide is available. 
According to ASTM C 989-06, replacement of cement by BFS reduces the C3A 
content, the CH content and the permeability. Among others (Gruyaert, 2011a, 
Liu, 2010, Gruyaert et al., 2013, Gollop and Taylor, 1992, Gollop and Taylor, 
1996b, Gollop and Taylor, 1996a), Brown et al. (2004) showed that the 
replacement of cement by slag reduces the degradation due to sulphate attack 
and attributed this positive effect mainly to the dense microstructure. The length 
change and penetration depth of sulphates in BFS concrete with s/b ratios of 
0.45 and 0.72 was significantly reduced in comparison to OPC concrete, but no 
significant mutual differences could be found between both BFS concrete 
mixtures. Roziere et al. (2009), who investigated the sulphate resistance of 
mortars with a s/b ratio of 0.62 (slag cement but also separate addition of BFS) 
according to ASTM C 1012, also recorded a reduced expansion in comparison 
to OPC mortar. While Brown et al. (2004) showed the effectiveness of BFS in 
case of Na2SO4 and MgSO4 solutions, other researchers e.g. Higgins (2003) and 
Taylor (1997) mentioned a higher effectiveness of BFS in case of Na2SO4 
solutions. Contrarily, the effect of additions is not always positive. According to 
Rasheeduzzafar et al. (1994) deterioration in BFS samples exposed to MgSO4 
solutions exceeds the deterioration observed in OPC cements. Because the 
calcium hydroxide is partly consumed by the pozzolanic reaction, the sulphates 
and the magnesium ions will react directly with the CSH resulting in a 
cohesionless MSH (Alamoudi et al., 1994).  
Alkali sulphate attack on Portland-slag cement proceeds in a broadly similar 
way as in plain Portland cement, however, there exist some distinct differences. 
Out of the various forms in which Al2O3 may be present in the hydrated cement 
paste, only monosulphate (C4ASH12) may serve as a significant direct Al3+ 
source for ettringite formation in a reaction with sulphate ions entering the 
concrete body from outside. Neither Al3+ incorporated in the CSH phase, nor 
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that present in hydrotalcite is available for such a reaction, just as Al3+ present in 
ettringite formed independently of sulphate attack (Gollop and Taylor, 1992, 
Gollop and Taylor, 1996b, Gollop and Taylor, 1996a). So, out of the Al3+ ions 
originally present in the glass phase of the granulated slag, only those that 
became incorporated into the monosulphate phase after the slag had participated 
in the hydration process, may be converted to ettringite (Gollop and Taylor, 
1992, Gollop and Taylor, 1996b, Gollop and Taylor, 1996a). As in the hydration 
of the slag usually less monosulphate is formed than in the hydration of the same 
amounts of clinker, the quantity of newly-formed ettringite, and thus the extent 
of expansion and scaling, become reduced, with increasing slag content in 
cement. At the same time, at equal amounts of slag in cement the amount of 
formed ettringite, and the observed damage to concrete, will increase with 
increasing Al3+ (Al2O3) content in the original slag (Gollop and Taylor, 1992, 
Gollop and Taylor, 1996b, Gollop and Taylor, 1996a, Taylor, 1997). As calcium 
hydroxide is also needed for the formation of ettringite, consumption of free 
calcium hydroxide and a subsequent decalcification of the CSH phase also take 
place in alkali sulphate attack. The degree of decalcification may be quite 
extensive in cements with high slag contents, in spite of relatively low amounts 
of ettringite formed, as the amount of formed CSH, and especially that of free 
calcium hydroxide, is also reduced in the hydration of cements containing slag. 
For the same reasons, the amount of gypsum in the corrosion zone of Portland-
slag cement that underwent alkali sulphate attack tends to be low as well. 
Generally, concrete damage produced in alkali-sulphate attack tends to be 
reduced if BFS cement is used, rather than OPC cement is employed. At the 
same time weakening of the CSH matrix is relatively more important than in the 
latter binder. Thus, disintegration of the matrix and its softening are in the 
foreground of damage of concrete made with slag-Portland cement, whereas 
cracking, scaling and expansion prevail if ordinary Portland cement was used 
(Skalny et al., 2002). 
It is clear form literature that thaumasite formation can be favoured in case of 
cement replacement by BFS (Nobst and Stark, 2003). The damage to concrete 
due to thaumasite formation is usually profound and is mainly due to the 
decomposition of the CSH phase, resulting in a loss of strength of the material. 
As this process does not involve the aluminate component, cement replacement 
by BFS does not offer an improvement of the resistance to this type of sulphate 
attack (Crammond and Halliwell, 1995, Marchand et al., 2003). On the other 
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hand it was reported that concrete mixes made with blended cements containing 
high amounts of granulated BFS performed reasonably well (Halliwell and 
Crammond 1999, Skalny et al., 2002). 
Furthermore, the resistance depends on the degree of immersion (Liu, 2010). 
BFS concrete which is partially immersed in a sulphate solution will show 
severe deterioration in the upper parts of the concrete in contact with air mainly 
due to salt crystallization (Gruyaert et al., 2012, Liu, 2010). This is in contrast 
with the situation with complete immersion. According to Ganjian and Pouya 
(2005), samples with BFS and silica fume as cement replacement are more 
vulnerable in magnesium bearing seawater particularly under wetting and drying 
cycles.  
After all, the microstructural evidence presented by Brown and Badger (2000) 
shows that control of permeability is more important than cement composition 
in achieving sulphate-resistant concrete. This finding supports the assumptions 
of Verbeck (cited in Brown and Badger, 2000) and Mehta (cited in Brown and 
Badger, 2000). 
3.3.3. Test methods 
With regard to critically reviewing existing test methods, an extensive review is 
given by Van Tittelboom and De Belie (2009) which is also included in the 
RILEM TC 211 book ‘Performance of Cement-Based Materials in Aggressive 
Aqueous Environments’ (Alexander et al., 2012). In this thesis, only the findings 
and remarks which are important to this research are mentioned. 
In laboratory  tests,the time required to obtain results is a major concern 
(Hooton, 2008). So, accelerated tests are used by increasing the sulphate 
concentration, making the sample size smaller, controlling the pH and 
temperature, etc.. The influence of all these parameters is discussed in Part 3.3.2. 
Even under accelerated conditions, the tests still last a certain time because 
sulphates must diffuse inwards to react with aluminate compounds before any 
degradation can occur. In addition, different researchers (Liu, 2010, Alexander 
et al., 2012, Santhanam et al., 2001) point out that it is difficult to develop an 
adequate test method to investigate sulphate attack in laboratory conditions 
because sulphate attack varies as a function of all the parameters changed in 
order to accelerate the test. According to Santhanam, using laboratory tests 
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manifests in another form of sulphate attack than in real structures, namely by 
means of expansion and cracking rather than loss of adhesion and strength. 
Another critical point is the exposure condition. According to Clifton et al. 
(1999) three main exposure conditions can be used: continuous immersion, 
partial immersion and cyclic immersion (wet/dry) cycles. As described in the 
previous parts of this literature review, the exposure conditions will have an 
influence on the attack mechanism as well. Full immersion will cause chemical 
sulphate attack and partial or cyclic immersion will mainly cause physical 
sulphate attack. 
Considering tests based on full immersion, the main test method is 
ASTM C 1012-4 where the specimens are stored in a 50 g/l Na2SO4 solution at 
23 °C and expansion is measured. In this test method the pH is not controlled. 
Nevertheless, it was found that the pH of the Na2SO4 storage solutions rapidly 
rose to 12.8 - 13.0. So, Clifton et al. (1999) have advocated pH controlled tests. 
Besides, Hooton (2008) states that the test is not necessarily directly relevant to 
other types of sulphate salts than sodium sulphate. For example, magnesium 
sulphate typically results in softening and cracking of the bars without much 
expansion. Therefore, visual indications of damage need to be recorded as well 
as expansion if other sulphate salts are substituted in this test (Hooton, 2008). 
Considering the influence of pH controlling, Ferraris et al. (2005), (Ferraris et 
al., 1997) found that the attack process is accelerated when the pH is constant. In 
real circumstances the pH also remains stable which is in contrast with 
laboratory tests where the pH increases rapidly due to a decrease of the sulphate 
content in the test solution (Mehta, 1975). 
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3.4. Combined attack of chlorides and sulphates 
In realistic environments, attack mechanisms are rarely found on themselves. 
Real constructions are exposed to multiple environmental attack mechanisms. 
Some examples of possible combinations are: chlorides and sulphates, chlorides 
and carbonation, sulphates and carbonation, sulphates and acids, freeze thaw and 
chlorides, etc. 
One of the most well-known environments where combined attack occurs are 
marine environments. Compositions of seawater from around the world are 
presented in Table 3.1 (Alexander et al., 2012). 
Table 3.1: Composition of seawater from around the world (Alexander et al., 2012). 
Major 
ions 
Concentration [g/l] 
 
Mediterranean 
sea 
North 
sea 
Atlantic 
ocean 
Baltic 
sea 
Arabian 
gulf 
Red sea 
 
Na+ 12.40 12.20 11.10 2.19 20.70 11.35 
 
Mg2+ 1.50 1.11 1.21 0.26 2.30 1.87 
Cl- 21.27 16.55 20.00 3.96 36.90 22.66 
 
SO3 2.59 2.22 2.18 0.58 5.12 3.05 
TDS 38.79 33.06 35.37 7.11 66.65 40.96 
It can be seen that seawater mainly consists of chlorides and sulphites combined 
with sodium and magnesium.  
Concerning combined attack of chlorides and sulphates, the C3A content of the 
cement plays a major role. When both ions penetrate the concrete together, C3A 
binding of the ions will definitely influence this multi-ion transport. In literature 
a lot of papers are found on individual chloride and sulphate attack, as described 
in previous parts. Nevertheless, only limited literature is available concerning 
combined environmental attack of chlorides and sulphates. Two groups of 
papers are found: firstly, the papers investigating the effect of chlorides on 
sulphate attack and secondly the papers investigating the effect of sulphates on 
chloride attack. 
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3.4.1. The influence of sulphates on chloride attack  
Concerning the influence of sulphates on chloride attack, it seems that sulphates 
present in sea water are able to reduce the chloride binding.  
Judging from the results of Zibara (2001), it is appropriate to assume that 
sulphates in marine conditions result in a lower chloride binding capacity. This 
was also concluded by Xu (1997). The decrease in binding capacity as a result 
of an increase in sulphate concentration might be due to the competition 
between sulphate and chloride ions for chemical reaction with the unhydrated 
C3A and the calcium aluminate hydrates. So, the more sulphate ions there are, 
the less Friedel's salt will form, see also Figure 3.13 (Zibara, 2001). 
 
Figure 3.13: Effect of the sulphate ion concentration of the host solution on the chloride 
binding capacity of the control mix (W/C = 0.5) (Zibara, 2001) 
Earlier studies were done on the effect of sulphates on chloride binding in the 
case of external chlorides (Byfors, 1990, Byfors et al., 1986, Sandberg, 1999, 
Sandberg and Larsson, 1993). Byfors et al. (1986, 1990) found a decreased 
chloride binding with increasing sulphate concentration in the host solutions. 
However, there was a relatively large scatter in her data. Sandberg & Larsson 
(1993) found the effect of sulphates in reducing chloride binding to be small 
relative to the significant effect of the hydroxyl ions. 
Dehwah et al. (2002b), (Dehwah et al., 2002a) investigated the influence of 
exposure to combined solutions on chloride induced reinforcement corrosion. 
They found that the time to corrosion initiation stays constant, however, the 
corrosion rate increased with increasing sulphate concentration. The former is 
probably due to the fact that chloride ions may diffuse much faster than sulphate 
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ions into hardened cement paste. The latter is i.a. attributed to an increase in free 
chloride concentration.  
Penetration and reaction mechanisms 
According to De Weerdt et al. (2014), the CSH of the hydrated cement paste 
exposed to combined solutions (in their case MgSO4+MgCl2 with a ratio of 
approximately 1) seems to incorporate more sulphates instead of chlorides. In 
addition, the sulphates reduce the chloride binding in the AFm phases as part of 
them are converted to ettringite, which is more stable than chloride AFm. Zibara 
(2001) also found that binding of chlorides with C3A and C2S phases is reduced 
in the presence of sulphates in the chloride solution. This indicates that the 
presence of sulphates probably affects both the chemical and the physical 
binding capacities of cement pastes. In addition, results of Zibara’s research 
(2001) show that the chloride binding effect depends on the concentration of 
sulphates in the solution: the effect is minor at 0.01 M, but it is appreciable at 
0.1 M as can be seen in Figure 3.13.  
De Weerdt & Geiker (De Weerdt and Geiker, 2012, De Weerdt et al., 2014a) 
also concluded that chloride ions penetrate much deeper into the concrete 
compared to other elements originating from the seawater e.g. Mg2+, S2- and Na+ 
which have, approximately, a constant concentration from 20 mm inwards, as 
schematically shown in Figure 3.14.  
 
Figure 3.14: Phase changes due to combined attack of chlorides and sulphates (De 
Weerdt and Geiker, 2014). 
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Also Brown and Badger (2000) found that the relative distribution of the 
sulphate and chloride phases in the concrete varies. While ettringite and gypsum 
are found closer to the top surfaces of concrete, Friedel’s salt exists more in the 
interior zones (Brown and Badger 2000). Also Zibara (2001) observed that the 
rate of sulphate penetration into the concrete is lower than that of the chloride 
penetration. So, the binding competition between Cl- and SO42- only occurs in 
the outermost layers. Nevertheless, due to the binding of chlorides, more free 
sulphate ions will be present and they are able to penetrate/diffuse deeper into 
the concrete. 
Concerning the attack mechanism, data found by Brown and Badger (2000) 
indicate that Friedel’s salt converts to ettringite in the presence of sodium 
sulphate solution when the SO3/Al2O3 ratio of the system exceeds 3. Xu et al 
(2013) also found that the chloride ions in the interlays of Friedel’s salt structure 
are replaced by the sulphate ions and transform to ettringite but not only from 
Na2SO4, also from K2SO4 and MgSO4. However, it should be mentioned that the 
chlorides in the research of Xu et al. (2013) were mixed in. In addition, Holden 
et al. say that C3A and its hydration products preferentially react with sulphate 
ions (Holden et al., 1983). Thus, ettringite is the stable phase under these 
conditions (Brown and Badger, 2000). Similar conclusions were found in the 
case of internal sulphates and external chlorides that penetrate the hardened 
cement paste, where most of the C3A phase has already hydrated in the absence 
of chlorides. Mehta (1977) referred to a study by Lerch et al. in which they 
found that in a hydrated cement paste in the presence of chloride solutions 
(external chlorides), the ettringite and monosulphate phases remained 
unchanged. Midgley and Illston (1984) also found that only unhydrated C3A 
reacts with penetrating chloride ions (Zibara 2001). This means that more free 
chlorides will be present in the concrete (Xu et al., 2013). However, Zibara 
concludes that as the chloride concentration increases (2 M < free Cl- < 3 M), 
monosulphate and ettringite can (partially) transform to Friedel’s salt. So, at 
high concentrations the opposite is found. 
In addition to the transformation of Friedel’s salt to ettringite, the dissolution of 
the CSH phase due to the pH value reduction results in an adsorption 
competition between the sulphate ions on the one hand and the chloride ions on 
the other hand, which can contribute to the release of bound chloride. Moreover, 
owing to the competition between hydroxyl and chloride ion for adsorption sites 
on the hydrate surfaces and in the interlayers of the AFm hydrates, the pH value 
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of the pore solution increases and this can also result in a release of some 
chemically bound chlorides (Xu et al., 2013). In addition, Xu et al. conclude that 
the partial replacements of cement with BFS reduce the release of bound 
chloride.  
The literature clearly indicates that sulphates have a negative effect on the 
chemical and physical chloride binding capacity. In case of chemical binding, 
and in the presence of chlorides and sulphates, many suggest that C3A combines 
preferentially with sulphate and less Friedel's salt is formed (Hussain and Al-
Gahtani, 1994, Holden et al., 1983). In case of physical binding, the presence of 
SO42- ions and Cl- ions in the pore solution would increase the competition for 
adsorption resulting in a higher amount of free chlorides in the pore solution 
(Zibara, 2001). 
Type of cation 
The extent to which the presence of additional sulphates restricts chloride 
binding appears to depend on the type of sulphate salt used. Na2SO4 seems to 
reduce chloride binding to a greater extent than CaSO4 (Xu 1997), as can be 
seen in Figure 3.15. Furthermore, K2SO4 has an effect similar to Na2SO4, 
reducing chloride binding to a greater extent than CaSO4. In addition, chloride 
binding when and MgSO4 is present is similar to chloride binding when CaSO4 
is present (Xu, 2013). 
 
Figure 3.15: The effect of SO3 content added as CaSO4 to a 1% Cl
- solution on chloride 
binding for OPC and OPC/BFS 65 %, (1.0% chloride derived from NaCl and CaCl2) 
(Xu, 1997). 
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The difference in influence of the cation associating the sulphate, can be linked 
to the observed increase in pH when the sodium and potassium variant are 
applied and the decrease in pH when the magnesium or calcium variants are 
used (De Weerdt et al., 2014) (see also Figure 3.9 in Part 3.3.2). The Na2SO4, 
addition has a more negative effect on chloride binding than the CaSO4. Xu 
(1997) suggested that the negative effect of Na2SO4 on chloride binding might 
be partly due to the increased alkalinity of the pore solution and formation of 
sodium hydroxide increasing the pH and reducing the solubility of calcium 
hydroxide and consequently the formation of Friedel’s salt because of a limited 
amount of available calcium (Dyer, 2014). The pH is namely one of the major 
parameters influencing chloride binding; a lowering of the pH can lead to 
increased chloride binding of cement paste (De Weerdt et al., 2014).  
As already described, MgCl2 exposure solutions, lead to considerably higher 
chloride binding caused by a decrease in the pH and a consequent increase of the 
chloride uptake in the CSH, which is not counteracted by sulphate reactions for 
this system. So, the magnesium content in the sea water could also lead to pH 
decrease and a consequent increase in the chloride binding by augmenting the 
chloride uptake in the CSH. However, the magnesium content in sea water is 
limited and the slight decrease in pH observed for sea water does not result in a 
notable increase of the chloride binding when comparing to for example NaCl 
exposure (De Weerdt et al, 2014). 
From the steel corrosion point of view, Dehwah et al. (2002a) found that 
corrosion current density increased with increasing sulphate concentration of 
chloride solutions. In addition, they found that they were higher in case of 
magnesium sulphate compared to sodium sulphate   
Time dependency 
Based on the findings of Zuquan et al. (2007) the influence of sulphates (in the 
form of Na2SO4) on chloride diffusion is dependent on the exposure period, 
namely at early exposure periods the presence of sulphates decreases the 
concentration of chlorides and the chloride diffusion coefficient regardless the 
exposure mechanism (full immersion or wet-dry cycles), as can be seen in 
Figure 3.16. But at later exposure periods, the presence of sulphates in combined 
solutions, cause an increased ingress of chloride. For wet-dry cyles this occurs 
after 400 days exposure, and for full immersion after more than 400 days (not 
visible in Figure 3.16 yet). 
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Figure 3.16: Chloride apparent diffusion coefficient of concrete stored in 3.5 % NaCl 
solution or in composite solution with 3.5 % NaCl and 5 % Na2SO4 by means of wet-dry 
cycles (left) or full immersion (right) (Zuquan et al., 2007). 
These findings may be attributed to two causes:  
 Each diffusion rate of anion in co-diffusion of sulphates and chlorides 
was less than that in single-diffusion for concretes subjected to natural 
immersion or drying-immersion cycles according to charges-
equilibrium and mass-equilibrium principle. 
 Gradual formation of ettringite in early exposure period leads to 
compacted microstructure of concretes, which decreases the ingress of 
chlorides into concretes to some extent.  
The increased ingress of chlorides into concrete at the later exposure periods 
may be attributed to the fact that too much expansive ettringite crystals produced 
in pores and ITZ cause new crack occurrence and prorogation of old cracks, 
which provide rapid access to ingress of chloride into concretes (Zuquan, 2007). 
Supplementary cementitious materials  
According to Tumidajski et al. (1996) it seems that the synergistic effect of 
sulphate ions on chloride ingress differs for OPC concrete and concrete 
incorporating partial replacement of OPC by BFS. In the former, the presence of 
sulphate ions in the solution both decreases chloride penetration and diffusivity. 
But, in the latter, sulphate ions in the solution both increase chloride penetration 
and diffusivity. 
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Xu (1997) studied the influence of Na2SO4 and CaSO4 addition (2 to 9% by 
mass of cement) on the binding capacities of pastes (W/B 0.5) with OPC and 
OPC with 65% BFS as cement replacement with admixed chlorides (1 % Cl- by 
mass of cement added as NaCl or CaCl2). In general, the results showed a very 
significant decrease in chloride binding as a result of the sulphate addition. 
However, if the comparison was made at the same sulphate content, the chloride 
binding capacities of OPC and OPC/BFS 65% were very similar.  
3.4.2. The influence of chlorides on sulphate attack  
According to Al Amoudi et al. (1995) there are three possible schools of thought 
concerning the influence of chlorides on sulphate attack: 1) the sulphate attack 
mechanism is intensified, 2) sulphate attack is mitigated, and 3) the influence is 
insignificant.  
In their own research they found that the deterioration is more severe for 
specimens immersed in a pure sulphate solution than in a combined sulphate-
chloride solution. This is also found by (Zuquan et al., 2007, Lee et al., 2008, 
Sotiriadis et al., 2012). Based on the findings of Zuquan et al. (2007) the 
presence of chlorides in sulphate solutions prolongs each stage of the attack 
process and delays the deterioration of concretes caused by sulphate attack. 
Their tests were performed at 20 °C with a combined solution of 5 % Na2SO4 
and 3.5 % NaCl. However, recent studies point out that in specific conditions, 
chlorides amplify the effect of sulphates (Abdalkader et al., 2013, Sotiriadis et 
al., 2013).  
Penetration and reaction mechanisms 
The mitigation of deterioration of cementitious materials in concomitant 
presence of chlorides and sulphates can be attributed to the following reasons 
(Sotiriadis et al., 2012, Al-Amoudi et al., 1995, Lee et al., 2008, Zuquan et al., 
2007): 
 The rate of sulphate diffusion from a composite solution was less than 
that from a pure sulphate solution, which is similar as explained in the 
role of sulphates to chloride diffusion. 
 The rate of chloride ions diffusion is higher compared to that of the 
sulphate ions. This leads to a faster penetration of chlorides into 
concrete, allowing them to react first with the C3A hydrated phases. The 
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result is that chloroaluminate phases such as Friedel’s salt are produced, 
which do not cause any expansion. Thus, the lower availability of 
susceptible C3A hydrates can reduce the conventional sulphate attack. 
 The increased solubility of ettringite in chloride solutions (three times 
higher than that in water) results in reduced ettringite formation. 
Notwithstanding, it is also found by Xu et al. (2013) and Brown and Badger 
(2000) that ettringite is the more stable phase compared to Friedel’s salt when 
the material is exposed to combined chloride and sulphate solutions. This means 
that Friedel’s salt will transform to ettringite which contributes to the sulphate 
binding.  
According to Lea (1970), CH present in cement paste is considerably more 
soluble in seawater than in water. Furthermore, the presence of CO2 and MgSO4 
in seawater renders the ettringite unstable. The effect of permeable concrete and 
presence of chlorides, magnesium, and CO2 in seawater accounts for a reduction 
in alkalinity of the paste, resulting in loss of adhesion and strength. The 
formation of ettringite in seawater typically does not lead to expansion and 
cracking; it is reported to be non-expansive in the presence of high concentration 
of chlorides (Mehta 1999). In seawater, the layer of brucite at the surface zone 
would be enveloped by a layer of aragonite (Skalny et al. 1999), because of the 
high levels of dissolved CO2. This insoluble layer of aragonite would serve as an 
additional temporary barrier. Section loss from the concrete would be promoted 
when the seawater erodes these two layers, followed by the gypsum layer 
underneath. While there is no evidence in literature as to the time this would 
take, it can be presumed that the process would be slow.  
Tumidajski and Chan (1996) opine that the brucite formed from interaction of 
Mg2+ with CH can also react with chloride in a magnesium brine solution (akin 
to seawater), forming magnesium hydroxychloride. The best overall durability 
to brine was exhibited by a concrete mix incorporating slag and silica fume in a 
ternary blend. Kurdowski (2004) studied the attack of a simulated seawater 
solution on CSH paste, and determined that the diffusion of Cl- was much faster 
than for Mg2+. CSH was seen to become quickly decalcified in strong chloride 
solutions (such as seawater), and formation of MSH was also observed. The 
formation of a surface layer of brucite and basic magnesium chloride was 
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reported. Under the surface skin, the paste contained phases such as Friedel’s 
salt. 
Generally, it can be stated that ettringite formation is restricted in the surface 
zones of concrete in seawater. In addition, brucite and aragonite form protective 
layers on the surface and the presence of chlorides in large amounts makes the 
ettringite non-expansive.  
Cement type 
Concerning the influence of the cement type, Al Amoudi et al. (1995)  
concluded that the deterioration due to sulphate attack is not very different in 
cements with varying C3A contents in the range of 3.5 % to 8.5 %. 
Supplementary cementitious materials  
Al Amoudi et al. (1995) also found that replacement of OPC by BFS has only a 
marginal beneficial effect. Also Lee et al. (2008) found that the beneficial effect 
of chlorides on sulphate deterioration is almost insignificant for blended mortar 
specimens. On the other hand, Ganjian and Pouya (2005) found that BFS as 
cement replacement reduces the resistance against magnesium sulphate attack in 
sea water. 
Temperature 
Abdalkader et al. (2013) investigated the influence of chloride on the 
performance of mortars subjected to magnesium sulphate exposure at low 
temperatures. Their tests were done at 5°C with 6 g/l SO42- magnesium sulphate 
solutions diluted with 5 g/l Cl- sodium chloride. They observed that sulphate 
attack is more severe when the samples are immersed in a combined solution 
compared to those stored in a pure sulphate solution, since the presence of 
chlorides accelerates damage caused by thaumasite.  
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3.5. Concluding remark 
From literature, it is clear that the individual degradation mechanisms 
concerning external sulphate attack and chloride penetration are investigated and 
described thoroughly. However, some contradictions are found with regard to 
influencing parameters. One of the parameters which is investigated only to a 
limited extent is the reciprocal influence of chlorides and sulphates on their 
attack mechanisms. Although in real environments both ions are often found 
together. 
When sulphate attack is considered as the main mechanism it is assumed that the 
presence of chlorides has a mitigating effect. Nevertheless, recent research 
pointed out that the opposite is found at low temperatures. It should be remarked 
that the findings described in literature are easily applied for sulphate attack in 
general. However, the sulphate attack mechanism on itself changes in function 
of e.g. the associating cation. Moreover, a lot of findings are based on internal 
sulphates and/or chlorides. To clarify the effect of chlorides present in sulphate 
containing environments, different solution configurations are used in the 
current research containing sodium sulphate on the one hand and magnesium 
sulphate on the other hand. Furthermore, these environmental attack 
mechanisms are investigated in function of the temperature and the binder type. 
When chloride attack is considered as the main mechanism, the effect of 
sulphates is not clear since the few findings are contradictory. Moreover, current 
research shows that the reciprocal influence could be dependent on the exposure 
time. So, in current research the influence of sodium and magnesium sulphate on 
chloride diffusion is investigated, taking into account the temperature, the 
exposure time and the binder type. 
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 Sulphate attack and the 
influence of chlorides. 
The influence of the multi-ion transport on the proper attack mechanisms was 
examined by means of accelerated tests conducted in the laboratory. In this part 
of the research, the influence of chlorides on sulphate attack was examined by 
measuring the length and mass change of specimens immersed in a combined 
solution. In addition, XRD-analyses supplemented with quantitative Rietveld 
analyses were performed. 
4.1. Materials 
To examine the influence of chlorides on the sulphate attack mechanism, four 
different mortar mixtures were used: one with OPC and one with HSR, as well 
as two BFS mixtures with OPC replacement levels of 50 % (S50) and 70 % 
(S70). These mixtures are described in Chapter 2. Mortar cubes with a 20 mm 
side and mortar prisms 20 x 20 x 160 mm³ were used. Both were cured at 20 °C 
and 95 % R.H. until the age of testing. 
In addition, cement paste samples were prepared to perform XRD-analysis, 
conform the mixes described in Chapter 2. Prisms of 40 x 40 x 160 mm³ were 
produced and cured at 20 °C and 95 % R.H. After 28 days curing, slices of 
40 x 40 x 7 mm³ were cut off and these slices were vacuum saturated before 
immersion in the test solutions. 
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4.2. Methods 
To investigate sulphate attack and the effect of chlorides thereupon, length and 
mass changes were measured. The mortar prisms and cubes were immersed at 
the age of 28 days. One day prior to testing, all the specimens were vacuum 
saturated with a 4 g/l Ca(OH)2 solution. The vacuum was kept for 3 h before the 
saturated Ca(OH)2 solution was added. The vacuum was maintained for one 
hour more. After another 18±2 hours of immersion in this solution, the 
specimens were placed in the test solutions, namely a 50 g/l Na2SO4 or a 
42.5 g/l MgSO4 solution on the one hand and a 50 g/l Na2SO4 + 50 g/l NaCl or a 
42.5 g/l MgSO4 + 50 g/l NaCl solution on the other hand (see Table 4.1). Every 
solution was stored at environmental temperatures of 20 °C on the one hand and 
5°C on the other hand. The specific preparation and measurement evolved 
according to the methods described in the following parts. 
Table 4.1: Overview of the sulphate test solutions. 
 Influence of Cl- on SO4
2--attack (Mass + Length change) 
Ref. 1  50 g/l Na2SO4 
Comb. 1  50 g/l Na2SO4 + 50 g/l NaCl 
Ref. 2  42.5 g/l MgSO4 
Comb. 2  42.5 g/l MgSO4 + 50 g/l NaCl 
The Na2SO4 concentration is conform the ASTM C 1012-4 standard (2004), the 
concentration of the added NaCl is equal to make a clear distinction between the 
single-ion solution and the multi-ion solution. Besides, the MgSO4 concentration 
is determined based on the SO42- concentration. A 42.5 g/l MgSO4 solution has 
the same SO42- concentration as a 50 g/l Na2SO4 solution, namely 33.8 g/l. 
4.2.1. Mass change 
After vacuum saturation, the mass of the surface dry mortar cubes was measured 
as a reference, mref. Next, the specimens were immersed in the sulphate test 
solutions. At least 6 specimens were tested per configuration. 
From then on, the mass of the specimens was measured at different time 
intervals mx: every 2 weeks until 8 weeks immersion, then every month until 6 
months immersion and then every 4-5 months until 20 months immersion. 
Consequently, the mass change was calculated according to Eq. 4.1: 
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𝑀𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 [%] =
𝑚𝑥−𝑚𝑟𝑒𝑓
𝑚𝑟𝑒𝑓
× 100    (4.1) 
Before every measurement, the cubes were brushed. 
4.2.2. Length change 
The second method to examine the influence of chlorides on the sulphate attack 
mechanism is to measure length change. This method is based on the method 
described in the ASTM C 1012-4 standard. Mortar prisms 20 x 20 x 160 mm 
were prepared with metal studs of 30 mm and a diameter of 3 mm embedded in 
both ends of the mortar bars, in order to measure more accurately, see Figure 
4.1. The end of the stud is used as measuring point during the test. To analyse 
the results, the total length of the studs was subtracted from the total measured 
length.  
       
Figure 4.1: Metal studs placed in the moulds to be embedded at both ends of the mortar 
specimens (a). The end of the stud is used as fixed measuring point (b). 
At 28 days, after vacuum saturation and just before immersion, the initial length 
of the specimens (‘length between the ends of the metal studs’ – ‘length of the 
metal studs’) was measured: lref. Afterwards the length was measured at different 
time intervals lx: every 2 weeks until 10 weeks immersion, and then every 
11 weeks until 10 months immersion. The length change was calculated 
according to Eq. 4.2: 
𝐿𝑒𝑛𝑔𝑡ℎ 𝑐ℎ𝑎𝑛𝑔𝑒 [%] =
𝑙𝑥−𝑙𝑟𝑒𝑓
𝑙𝑟𝑒𝑓
× 100    (4.2) 
 
(a) 
(b) 
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4.2.3. XRD-Analysis 
To perform XRD-analysis, the cement paste samples were immersed in the 
different test solutions. After a certain immersion time, the samples were 
crushed to pass a 500 µm sieve. Since the internal standard approach was 
selected for absolute phase quantification and estimation of the amorphous or 
non-identified phase content by XRD analysis (Bish and Howard, 1988, Martin-
Marquez et al., 2009, Snellings et al., 2012), a 10 weight% ZnO internal 
standard was added to the obtained powder. Finally, the powders were side-
loaded into the sample holders to reduce preferred orientation effects. The XRD 
data were collected on a Thermo Scientific ARL X’tra diffractometer equipped 
with a Peltier cooled detector. Samples were measured in θ/2θ geometry over an 
angular range of 5 - 70° 2θ (CuKa radiation) using a 0.02° 2θ step size and 
1 s/step counting time.  
Afterwards, every XRD-measurement was quantitatively analysed by means of 
the Rietveld method for whole-powder pattern fitting to investigate the reaction 
product formation. Topas Academic V4.1 software was used for Rietveld 
refinement (Coelho, 2012, Snellings et al., 2012).  
4.2.4. Statistical analysis 
Statistical analyses were applied to determine whether the means of the different 
test series were significantly different from each other or not. To compare two 
means with each other, t-tests with a significance level of 0.05 were applied. 
Otherwise, analysis of variance tests (ANOVA) were performed preceded by a 
Levene’s test (level of significance = 0.01) to verify the homogeneity of the 
variances. If equal variances were assumed, a Student-Newman-Keuls test (S-N-
K test) was used (level of significance = 0.05). In the case that non-
homogeneous variances were assumed, a Dunnet’s T3 Post-Hoc test (level of 
significance = 0.05) was used.   
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4.3. Results – Mass change  
In this part, the influence of chlorides on the attack mechanism of sodium 
sulphate on the one hand and magnesium sulphate on the other hand is shown by 
means of mass changes of mortar specimens. The values shown in the graphs are 
the average of at least five specimens. The error bars shown for the last 
measurements indicate the standard error on the average for the particular data 
points. 
4.3.1. Sodium sulphate attack 
The results of the mass change measurements regarding sodium sulphate attack 
and the influence of chlorides on this are shown in Figures 4.2 – 4.5.  
Storage at 20 °C 
The first graph, Figure 4.2, shows the results obtained for all mortar mixtures 
after immersion in a 50 g/l Na2SO4 solution (Ref. 1) stored at 20 °C. The 
standard errors on the average values of S50 and S70 at 616 days are too small 
to be visible in the graph, 0.11 % and 0.07 % respectively.  
 
Figure 4.2: Mass change as a function of the immersion time in a 50 g/l Na2SO4 solution 
at 20 °C. 
From Figure 4.2, it is clear that OPC mortar specimens lose a larger part of their 
mass compared to HSR and BFS mortar specimens when permanently immersed 
in solution Ref. 1. Only the mass loss for OPC after 616 days in the solution is 
statistically significant different compared to the initial mass. Until 320 days, the 
differences between the four mixtures are rather small. It is clear that the mass 
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of the OPC specimens starts to decrease slowly around 100 days in the solution, 
while the mass of the specimens of the other mixtures does not change 
obviously during this immersion period. After 300 days of immersion, 2 % mass 
decrease was measured for OPC. However, until 300 days of immersion, no 
statistically significant mass losses were measured, neither for the other test 
series under investigation. At the end of the testing period, after 616 days in the 
solution, the mass loss for OPC amounted to 26.5 % compared to the initial 
mass. For the HSR mixture, the mass loss was around 2 % and for the BFS 
mixtures around 0 %. 
In addition, it should be noted that the mass of the HSR mortar cubes was 
increased with 1.2 % after 450 days immersion in the 50 g/l Na2SO4 solution. 
Nevertheless, from that point on the mass of the HSR cubes started to deacrease 
until -2.0 % after 616 days storage in the solution Ref. 1, which is a statistically 
significant decrease. In contrast, the mass of the specimens made with BFS did 
not change significantly during the whole test period, not compared to the initial 
mass nor between the measuring times.  
Figure 4.3 shows the results of the mass change measurements for the specimens 
stored in the combined test solution Comb. 1 stored at 20 °C. 
 
Figure 4.3: Mass change as a function of the immersion time in a combined 
50 g/l Na2SO4 + 50 g/l NaCl solution at 20 °C. Left: General, Right: Detail. 
Looking at Figure 4.3, it seems that all the specimens are subjected to a mass 
increase during the immersion period of 616 days. However, after 450 days, the 
mass of the OPC samples is no longer increasing. After 616 days in the 
combined solution, the mass of the HSR specimens has increased with 2.5 %, 
-35
-30
-25
-20
-15
-10
-5
0
5
0 100 200 300 400 500 600
M
a
ss
 c
h
a
n
g
e 
[%
]
Immersion time [Days]
OPC
HSR
S50
S70
-0.4
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8
0 100 200 300 400 500 600
M
a
ss
 c
h
a
n
g
e 
[%
]
Immersion time [Days]
OPC
HSR
S50
S70
                                                           Influence of chlorides on sulphate attack 
69 
which was significantly more than the mass change of the OPC, S50 and S70 
mixtures, which amounted to 1.4 %, 1.0 % and 0.5 %, respectively.  
Storage at 5 °C 
Figure 4.4, shows the results obtained for the OPC, HSR and S50 mortar 
mixtures after immersion in a 50 g/l Na2SO4 solution (Ref. 1) stored at 5 °C.  
 
Figure 4.4: Mass change as a function of the immersion time in a 50 g/l Na2SO4 at 5 °C. 
The data given in Figure 4.4 show a clear mass decrease for OPC specimens 
after 620 days of immersion in Ref. 1 at 5 °C. HSR also loses mass, however, 
the mass loss is limited to 3 %. This is statistically less than the OPC mass loss 
which amounts to 14.3 % but still significantly different from the initial mass. 
For both, the mass stays quite stable until 200 – 300 days immersion. From then 
on, clear mass losses are measured. The BFS samples do not show any 
significant mass changes during the immersion period of 620 days. 
In general the mass change trends observed after immersion in Ref. 1 stored at 
5 °C are similar to the mass change trends after storage at 20 °C. Nevertheless, 
the order of magnitude is much higher after storage at 20 °C, namely a factor 3.3 
at 620 days for OPC. 
The mass changes measured for the OPC, HSR and S50 mortar mixtures after 
immersion in the 50 g/l Na2SO4 + 50 g/l NaCl solution (Comb. 1) at 5 °C are 
given in Figure 4.5. 
-35
-30
-25
-20
-15
-10
-5
0
5
0 100 200 300 400 500 600
M
a
ss
 c
h
a
n
g
e 
[%
]
Immersion time [Days]
OPC
HSR
S50
Chapter 4                                                                                       
70 
 
Figure 4.5: Mass change as a function of the immersion time in a combined 
50 g/l Na2SO4 + 50 g/l NaCl at 5 °C. Left: General, Right: Detail. 
From Figure 4.5 it can be seen that 620 days storage in Comb. 1 at 5 °C leads to 
rather small mass losses for OPC as well as for HSR, 2.8 % and 1.1 % compared 
to the initial mass, respectively. Concerning the BFS mixture with 50 % cement 
replacement, the mass loss is negligible. Up to 200 days immersion the changes 
for OPC and HSR are negligible as well. From that immersion time, the mass of 
the OPC specimens starts decreasing obviously. The overall behavior is 
comparable to the behavior after immersion in the Ref. 1 solution, but the effects 
are mitigated. 
Compared to the mass change measurements after storage in Comb. 1 at 20 °C, a 
rather different behavior is observed after storage at 5 °C. While the mass 
increases when stored in a Na2SO4 solution combined with NaCl at 20 °C, the 
opposite is found for storage in the same solution at 5 °C. 
4.3.2. Magnesium sulphate attack 
The results of the mass change measurements regarding magnesium sulphate 
attack and the influence of chlorides are shown in Figures 4.6 – 4.9. 
Storage at 20 °C 
The results obtained after measuring mass changes for OPC, HSR and S50 
specimens immersed in 42.5 g/l MgSO4 (Ref. 2) at 20 °C are shown in Figure 
4.6. 
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Figure 4.6: Mass change as a function of the immersion time in a 42.5 g/l MgSO4 
solution at 20 °C. Left: General, Right: Detail. 
From Figure 4.6 it becomes clear that all mixtures undergo a decrease of the 
mass after storage in Ref. 2 at 20 °C. However, S50 first increase about 0.5 %. 
The mass loss after 620 days immersion is most clear for OPC followed by 
HSR, 6.4 % and 3.7 % respectively. The mass loss for S50 amounts to 1.4 %, 
which is statistically significantly less. Already from the first measurements, 
small mass losses are measured. However, these are only significantly different 
from the initial mass after 340 days of immersion. In addition, no statistically 
significant differences were noted between the mass loss for OPC and for HSR 
up to 450 days immersion. 
Next, Figure 4.7 gives the mass change results in function of immersion time in 
42.5 g/l MgSO4 + 50 g/l NaCl (Comb. 2) at 20 °C. 
As can be seen in Figure 4.7, after storage in Comb. 2 at 20 °C S50 is most 
influenced in terms of mass loss. The mass decreases by 26.4 % after 620 days 
immersion compared to the initial mass. Immersion periods shorter than 
200 days do not cause any clear mass change. Regarding the mass change of 
OPC and HSR during immersion in Comb. 2, it seems that this is similar and 
equal to the mass loss observed during 620 days in Ref. 2. 
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Figure 4.7: Mass change as a function of the immersion time in a combined 
42.5 g/l MgSO4 + 50 g/l NaCl solution at 20 °C. 
Storage at 5 °C 
The mass changes for OPC, HSR and S50 specimens immersed in 
42.5 g/l MgSO4 (Ref. 2) at 5 °C are visualised in Figure 4.8. 
 
Figure 4.8: Mass change in function of immersion time in a 42.5 g/l MgSO4 at 5 °C. 
Left: General, Right: Detail. 
Based on the data from Figure 4.8, it can be observed that OPC is subjected to 
the largest mass change compared to HSR and S50, namely -6 %. This is 
significantly more than the mass losses for S50 and HSR, 2.1 % and 1.3 %, 
respectively. After 620 days immersion, the latter two are not significantly 
different from each other. Nevertheless, the general trends and values are similar 
to those observed after immersion in the same solution at 20 °C. 
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Figure 4.9 shows the results for OPC, HSR and S50 mortar after immersion in a 
50 g/l MgSO4 + 50 g/l NaCl solution (Comb. 2) stored at 5 °C. 
 
Figure 4.9: Mass change as a function of the immersion time in a combined 
42.5 g/l MgSO4 + 50 g/l NaCl at 5 °C. 
The influence of immersion in Comb. 2 at 5 °C on mortar seems independent of 
the binder type. No statistically significant differences are measured between 
OPC, HSR and S50 at any immersion time up to 620 days. Notwithstanding, 
significant mass losses are measured after 620 days immersion compared to the 
initial masses. These mass losses amount to 12.2 %, 11.5 % and 15.1 % for 
OPC, HSR and S50 respectively.  
Furthermore, no clear changes are noticed up to 200 days immersion which is 
similar to the test configuration at 20 °C. Nevertheless, the general trends are 
different from the trends determined after immersion in a similar solution but 
stored at 20 °C. On the one hand S50 shows more mass loss at 20 °C than at 
5 °C, but on the other hand, the mass loss of OPC and HSR is increased after 
storage at 5 °C compared to storage at 20 °C. 
4.3.3. General 
In this part, the influence regarding the cation associating the sulphate ion is 
described per mortar mixture. 
The first graphs, as shown in Figure 4.10, give an overview of the mass changes 
per mortar mixture, namely OPC, HSR and S50, when immersed in the different 
test solutions stored at 20 °C.  
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Figure 4.10: Mass change per mixture as a function of the immersion time in 
50 g/l Na2SO4 and 42.5 g/l MgSO4 solutions at 20 °C on the one hand and in combined 
50 g/l Na2SO4 or 42.5 g/l MgSO4 + 50 g/l NaCl solutions at 20 °C on the other hand. 
At first sight, the OPC as well as S50 mortars are clearly subjected to mass 
changes when stored at 20 °C. Although, the specific degradation mechanisms 
are cation dependent.  
For OPC the largest decrease, 26.5 %, was measured after 616 days immersion 
in a single sodium sulphate solution at 20 °C, while an increase of only 1 % is 
measured after immersion in the sodium sulphate solution with addition of 
sodium chloride. For the other mixtures, the effects due to immersion in those 
particular solutions are not that distinct.  
On the other hand, the effect due to immersion in magnesium sulphate with or 
without presence of sodium chloride at 20 °C is limited for OPC and HSR. 
Furthermore, the observed trends during immersion in both solutions are equal. 
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But for S50 a clear mass decrease is measured when immersed in Comb. 2. The 
mass loss after 620 days is in the same order of magnitude as the mass loss for 
OPC after storage in Ref. 1, 26.4 %. 
Next, it can also be seen that for none of the mixtures a (small) mass increase is 
measured except during storage in comb. 1. 
Figure 4.11 gives an overview of the mass changes per mortar mixture, when 
immersed in the different test solutions stored at 5 °C.  
 
 
 
Figure 4.11: Mass change per mixture as a function of the immersion time in 
50 g/l Na2SO4 and 42.5 g/l MgSO4 solutions at 5 °C on the one hand and in combined 50 
g/l Na2SO4 or 42.5 g/l MgSO4 + 50 g/l NaCl solutions at 5 °C on the other hand. 
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It should be noted that the axis values in Figure 4.11 are smaller than the axis 
values in Figure 4.10. So, in general the mass loss after 620 days immersion is 
less at 5 °C than at 20 °C. In most cases, storage at 5 °C does not lead to severe 
mass loss. However, it is remarkable that specimens stored at 5 °C are mostly 
subjected to mass loss when immersed in a solution of magnesium sulphate with 
added sodium chloride. This phenomenon is observed regardless the binder type. 
Furthermore, the mass loss due to immersion in this solution at 5 °C is more 
than at 20°C, except for S50. Nevertheless, S50 is still the most vulnerable to 
damage due to immersion in Comb. 2.  
Besides, it seems that storage in a solution of sodium sulphate combined with 
chlorides at 5°C does not leads to a mass increase during the 620 days 
immersion time for any mixture, as it was when stored at 20 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           Influence of chlorides on sulphate attack 
77 
4.4. Results - Length change 
The results of the length change measurements are shown in Figures 4.12 – 4.14. 
In these graphs, the length change is shown in percent compared to the initial 
length, cf. Eq. 4.2. The error bars represent the standard error on the average 
value of the last measurement (at least five repetitions). The length change is 
only measured for mortar prisms immersed in sodium sulphate and sodium 
sulphate with addition of sodium chloride solution since magnesium sulphate 
attack will not cause severe expansion but rather mass and strength loss. 
4.4.1. Sodium sulphate attack 
Storage at 20 °C 
Figure 4.12 shows the results obtained for all mortar mixtures after 497 days 
immersion in a 50 g/l Na2SO4 solution (Ref. 1) without addition of chlorides. 
 
Figure 4.12: Length change as a function of the immersion time in a 50 g/l Na2SO4 
solution at 20 °C. 
As can be seen from the graph in Figure 4.12, the length of the OPC specimen 
was influenced the most. The statistically significant length increase amounts to 
0.59 % after 497 days in the test solution. Until 140 days of immersion, the 
differences between the mixtures are negligible. From that immersion period on, 
a clear length increase was found for OPC and HSR mortar, with a big increase 
for OPC between 300 and 497 days. Until 497 days, the length change for S50 
and S70 remained stable, 0.04 % and 0.02 %, while it slightly increased for 
HSR, to 0.13 %.  
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Figure 4.13 shows the length change results after immersion in a combined 
solution with 50 g/l Na2SO4 and 50 g/l NaCl (Comb. 1). 
 
Figure 4.13: Length change as a function of the immersion time in a combined 
50 g/l Na2SO4 + 50 g/l NaCl solution at 20 °C. 
The results for the length change measurements after immersion in solution 
Comb. 1 are comparable to the results found after immersion in Ref. 1. Here 
also the OPC mortar underwent the highest length increase, namely 0.42 %, 
followed by the HSR mortar and the BFS mixtures. Also after immersion in a 
sulphate solution with addition of chlorides, the BFS samples underwent almost 
no length change. 
Figure 4.14 shows the length change results after immersion in Ref. 1 at a 
temperature of 5°C. 
 
Figure 4.14: Length change as a function of the immersion time in a 50 g/l Na2SO4 
solution at 5 °C. 
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From Figure 4.14 it is clear that the length of the OPC specimen is also 
influenced the most at a temperature of 5 °C. The statistically significant length 
increase amounts to 0.41 % after 497 days in the test solution which is also 
statistically significantly different from the length increase for HSR and S50. 
The trends are similar to those found at a storage temperature of 20°C.  It should 
be noted that the resistance to length change of HSR and S50 is totally equal. 
Figure 4.14 shows the length change results after immersion in Comb. 1 stored 
at 5°C. 
 
Figure 4.15: Length change as a function of the immersion time in a combined 
50 g/l Na2SO4 + 50 g/l NaCl solution at 5 °C. 
As it was found at a storage temperature of 20 °C, the trends for the length 
change results after immersion in Comb. 1 at 5 °C are also comparable to the 
results found after immersion in Ref. 1 at 5 °C. Although, the specific 
expansions are lower. These similarities and differences become more clear in 
Figure 4.16. The length of the OPC mortar increased by 0.17 % compared to the 
initial length. In addition, the length of HSR specimens increases 0.06 % and of 
S50 0.05 % which is not statistically different. 
Figure 4.16 gives an overview of the length change for the OPC mortar mixture 
after immersion in Ref. 1 and Comb. 1 solutions at 20 °C and 5 °C.  
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Figure 4.16: Length change for OPC mixture as a function of the immersion time in a 
50 g/l Na2SO4 solution and a combined 50 g/l Na2SO4 + 50 g/l NaCl solution at 20 °C 
and at 5 °C. 
The length increase for the OPC prisms after immersion in the combined 
solution is in the same order of magnitude as in the single sulphate solution up 
to 300 days. Although, after 497 days of immersion, the length increase in the 
combined solution was clearly smaller than in the single sulphate solution. A 
similar behaviour is observed during storage at 5 °C. The length changes 
decrease a little bit when the temperature decreases, notwithstanding the length 
changes are for every investigated configuration statistically significant 
compared to the initial length.   
Besides, it seems from the previous figures that HSR and BFS mortar mixtures 
are influenced only to a limited extent regarding length change due to sodium 
sulphate attack at different temperatures. 
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4.5. Discussion 
Overall, OPC mortar shows the lowest resistance against sulphate attack. 
However, BFS mortar is most vulnerable in the case that chlorides are added to 
a magnesium sulphate solution.  
Discussion based on visual inspection  
After immersion in a sodium sulphate solution, the mass loss as well as the 
length increase was the highest for OPC. This is in accordance with previous 
research (Al-Dulaijan et al., 2003). Next, from the obtained results it seems that 
the performance of BFS mortar with 50 and 70 % cement replacement in sodium 
sulphate rich environments is better than that of HSR mortar. Notwithstanding, 
the resistance of HSR mortar in sulphate containing environments is still much 
better than that of OPC mixtures.  
The influence of chlorides on sodium sulphate attack is the most clear by 
evaluation of the mass changes of the OPC mortar. When OPC mortar is 
immersed for 616 days in a single sodium sulphate solution at 20 °C, more than 
a quarter of the initial mass of the specimen is lost. Contrarily, when OPC 
samples are immersed in a combined solution of sodium sulphate and sodium 
chloride for the same period, almost no mass is lost. Nevertheless, the mass of 
OPC mortar stored in the combined solution tends to decrease again slightly 
after 450 days of immersion, however, not in the same order of magnitude as the 
decrease in the single sulphate solution. In addition, exposure to a sodium 
sulphate solution with or without chloride addition, at 5 °C leads to smaller mass 
losses for OPC than at 20 °C.  
In general, it can be concluded that the presence of chloride ions in a sodium 
sulphate environment has a mitigating effect on the mass loss and expansion. 
This finding is in accordance with the findings of Al Amoudi et al. (1995), 
Sotiriadis et al. (2012), Zhang et al. (2013) and Lee et al. (2008). Nevertheless, it 
can be assumed that the mitigating effect is rather a delaying effect since it 
seems that the deterioration will occur at a later time. This is in accordance with 
the conclusions of Zuquan et al. (2007) and Ekolu et al. (2006). 
Concerning mortar resistance against magnesium sulphate it is clear that it 
depends on the storage temperature on the one hand and on the chloride addition 
on the other hand. Immersion in a single solution leads to quite high mass losses 
for OPC which are independent of the environmental temperature. The 
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resistance of HSR and BFS in these environmental conditions is rather good. 
This is in accordance with Al-Dulaijan (2007).  Similar to deterioration due to 
sodium sulphate attack, the presence of chlorides at 20 °C (slightly) mitigates 
the mass loss for OPC and HSR due to magnesium sulphate attack. Although, 
the presence of chlorides in the magnesium sulphate solution at 20 °C gives rise 
to a totally different behaviour for BFS mortar. It is remarkable that BFS mortar 
is subjected to the highest mass loss after storage in this particular solution. This 
is also observed by Ganjian and Pouya (2005). The mass losses are in the same 
order of magnitude as the mass los for OPC after storage in sodium sulphate at 
20 °C. Moreover, exposure to magnesium sulphate with added sodium chloride 
at 5 °C causes significant mass losses for OPC and S50 as well as for HSR, all in 
the same order of magnitude. Combined attack at 5 °C is more severe than the 
single magnesium chloride attack at 5 °C. The latter finding is in accordance 
with the findings of Abdalkader et al. (2013). 
After 616 days immersion, a visual inspection is performed, see Table 4.2. 
The visual inspection of the specimens stored at 20 °C in sodium sulphate 
solutions confirms the measurements described in Part 4.3. The OPC samples 
immersed in the 50 g/l Na2SO4 solution stored at 20 °C are clearly deteriorated. 
The visual deterioration of the OPC specimens stored in the combined Na2SO4 + 
NaCl solution at 20 °C as well as HSR mortar stored in the single sulphate 
solution is rather negligible, however some small cracks are observed. In 
addition, neither the HSR samples stored in the combined solution nor the BFS 
samples show deterioration.  
Similar observations are done for the specimens stored in sodium sulphate 
solutions at 5 °C. Notwithstanding slightly more deterioration is observed for 
OPC and HSR after storage in the combined solution at 5 °C than at 20°C. 
From the visual inspection it becomes also clear that the deterioration in sodium 
sulphate solution, Ref. 1 and Comb. 1, is mainly due to cracking and spalling of 
the outermost layers. 
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Table 4.2: Deterioration of mortar cubes, exposed to Na2SO4 and Na2SO4 + NaCl 
solutions for 616 days at 20 °c and 5 °C.  
Mix 50 g/l Na2SO4 50 g/l Na2SO4 + 50 g/l NaCl 
Storage temperature: 20 °C 
OPC 
  
HSR 
  
S50 
  
S70 
  
Storage temperature: 5 °C 
OPC 
  
HSR 
  
S50 
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Next, the specimens stored in single and combined magnesium sulphate 
solutions at 20 °C or 5 °C, were also visually analysed. The results of the visual 
inspection are shown in Table 4.3. 
Table 4.3: Deterioration of mortar cubes, used for mass change measurements, exposed 
to MgSO4 and MgSO4 + NaCl solutions for 620 days at 20 °C and at 5 °C.  
Mix 50 g/l MgSO4 50 g/l MgSO4 + 50 g/l NaCl 
Storage temperature: 20 °C 
OPC 
  
HSR 
  
S50 
  
Storage temperature: 5 °C 
OPC 
  
HSR 
  
S50 
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From Table 4.3 it becomes more clear that BFS specimens exposed to combined 
MgSO4 + NaCl solutions at 20 °C are most susceptible to deterioration. The 
OPC and HSR samples also show some visual damage, however, not in the 
same proportion as S50 after immersion in the combined solution. Immersion in 
the single MgSO4 solution at 20 °C causes less visual deterioration for S50 than 
in the combined solution. In addition, the OPC and HSR samples show similar 
damage in the single solution as in the combined solution. In general, the 
deterioration due to storage in the single magnesium sulphate solution is rather 
limited and independent of the binder type. These findings are in accordance 
with the mass change measurements described in Part. 4.3.  
Regarding the visual damage after exposure to MgSO4 solutions at 5 °C, it is 
clear that the cubes are not characterised by much deterioration. It seems that 
OPC is slightly more vulnerable to crumbling, although, it is limited. The latter 
is also found in Part 4.3. At an environmental temperature of 5° C, the most 
distinct deterioration is observed during immersion in the combined MgSO4 + 
NaCl solution. This is in accordance with the findings by Abdalkader et al. 
(2013), they observed the same phenomenon by means of mass changes and 
visual inspections for similar test solutions but with lower concentrations. 
Besides, all the mixtures show a similar amount of damage but less than the 
damage for S50 stored in the combined magnesium sulphate solution at 20°C. In 
general, the visual observations confirm the results obtained by means of mass 
change measurements.  
Furthermore, it is also noticed that the deterioration caused by immersion in 
MgSO4 solutions, Ref. 2 and Comb. 2, is mainly characterised by crumbling. 
The surface layer of the prisms that were spalled, were mushy, while the core 
was still solid and sound. This is different from the mechanism in Na2SO4 
solutions. 
Concerning the length change due to sodium sulphate attack, it seems that there 
is no obvious effect of the chlorides on the sulphate attack mechanism until 300 
days of immersion, regardless the mortar type. Nevertheless, after more than 300 
days of immersion, namely 497 days, it becomes clear that the length of the 
OPC specimen increases due to sodium sulphate attack and that the presence of 
chlorides has a mitigating effect on it. These findings are also translated into 
slightly more cracks, as can be seen in Table 4.4. Visual inspection of the 
samples used for length change measurements differs from the one of mass 
change measurements since the samples are not brushed before measuring. 
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Table 4.4: Deterioration of mortar prisms, used for length change measurements, 
exposed to Na2SO4 and Na2SO4 + NaCl solutions for 300 and 497 days at 20 °C.  
Mix 
300 days immersion 497 days immersion 
50 g/l Na2SO4 
50 g/l Na2SO4  
+ 50 g/l NaCl 
50 g/l Na2SO4 
50 g/l Na2SO4  
+ 50 g/l NaCl 
OPC 
    
HSR 
    
S50 
    
S70 
    
The OPC samples are already clearly cracked at the edges after a storage period 
of 300 days in the single sulphate solution as well as in the combined solution. 
However, no big differences were measured by length change nor observed by 
visual inspection. After 497 days of immersion, the amount of cracks is 
increased and transverse and longitudinal cracks are observed along the whole 
length, as can be seen in Figure 4.17. Furthermore, the edges start to crumble. 
Now, the samples stored in the single sodium sulphate solutions show more 
cracks compared to the samples stored in the combined solution. In addition, 
also the HSR samples show some small deterioration at the edges. Nevertheless, 
the observed deterioration does not extend after 300 days of immersion, it stays 
rather stable. This observation is in accordance with the length change 
measurements. In contrast, the BFS samples do not show any deterioration after 
any immersion time.  
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Figure 4.17: Crack types observed in OPC specimen after 497 days of immersion in a 50 
g/l Na2SO4 solution or in a 50 g/l Na2SO4 + 50 g/l NaCl solution at 20 °C. 
Similar observations were done for the specimens stored in sodium sulphate 
solutions at 5 °C, as can be seen from Table 4.5. 
Table 4.5: Deterioration of mortar prisms, used for length change measurements, 
exposed to Na2SO4 and Na2SO4 + NaCl solutions 497 days at 5 °C.  
Mix 
497 days immersion 
50 g/l Na2SO4 
50 g/l Na2SO4  
+ 50 g/l NaCl 
OPC 
  
HSR 
  
S50 
  
At first sight, OPC stored in a single sodium sulphate solution at 5 °C seems 
more deteriorated than OPC stored in the same solution at 20 °C. This would be 
in accordance with literature where some researchers assume that thaumasite is 
formed at low temperatures causing more disintegration (Ramenzanianpour and 
Hooton, 2013). However, this assumption is not confirmed by means of the 
mass and length change measurements. Although, it should be kept in mind that 
Cracking + crumbling 
Transverse cracks 
Longitudinal cracks 
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Ramenzanianpour and Hooton (2013) found that opening up of the 
microstructure, caused by extensive cracking of the samples at the early stages is 
prerequisite for the formation of thaumasite. This could indicate that thaumasite 
formation and consequently deterioration occurs at later ages. Besides, the HSR 
and BFS samples show almost no damage. 
Discussion based on XRD-analysis 
In order to explain these findings by means of formation of reaction products, 
some XRD-analyses were performed. For better understanding, the 
characteristic peaks of the main reaction products and portlandite are tabulated 
in Table 4.6. The profiles are shown between the reflection angles 5 °2θ and 
35 °2θ. Nevertheless they are measured until 70 °2θ. But, based on the profile 
between 35 °2θ and 70 °2θ it is not possible to discuss any specific changes. 
Table 4.6: XRD characteristic of the main reaction products due to sulphate attack.  
Reaction 
product 
Reflection angle of the peaks [°2θ] 
Ettringite 9.12 15.76 18.90 22.96 25.66 27.77 
Gypsum 11.60 20.75 29.10 33.40   
Thaumasite 9.24 16.07 19.4 26.11   
Aragonite 26.22 27.22 45.86    
Brucite 18.59 38.02 50.85    
Friedel’s salt 11.26 23.4 31.08    
Portlandite 18.08 34.09 47.12    
Firstly OPC, S50 and S70 cement paste samples stored in the solutions Ref. 1 
and Comb. 1 at 20 °C, containing 50 g/l Na2SO4 and 50 g/l Na2SO4 + 50 g/l 
NaCl respectively, are analysed. These XRD-profiles are shown in Figure 4.18 
and Figure 4.19. The visible peaks that indicate ettringite, gypsum and Friedel’s 
salt are highlighted in the profiles since these phases are assumed to be the main 
reaction products in sodium sulphate and chloride rich environments. The 
amounts, quantified by Rietveld analysis for these three phases in particular, are 
shown in a table underneath the graphs.  
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Reaction  
product 
Amount [%] 
OPC S50 S70 
Gypsum 18.38 4.07 3.23 
Ettringite 33.99 25.85 2.62 
Friedel’s salt - - - 
Figure 4.18: XRD-profiles for OPC, S50 and S70 cement paste after 6 months 
immersion in a Ref. 1 solution at 20 °C, with indication of the peaks for Ettringite (E) 
and for Gypsum (G). + Quantitative Rietveld analysis after XRD-measurements. The 
amount of reaction products is compared to the internal standard [%]. 
From the profiles obtained by analysing the cement paste stored in a single 
sodium sulphate solution, as shown in Figure 4.18, it is clear that mainly 
ettringite and gypsum are present. The peaks referring to ettringite in the OPC 
samples are more distinct than in the BFS samples. Quantitative Rietveld 
analysis shows that, next to ettringite, also a large fraction of gypsum is 
explicitly present in the OPC paste. In addition, in the S50 sample a major 
fraction of ettringite is found while almost no gypsum is present. In the S70 
sample (almost) none of both phases are found, however, it seems that the 
concentration of ettringite is not correct. Significantly more gypsum and 
ettringite have formed in the OPC mixture compared to the BFS mixtures. This 
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indicates the higher vulnerability of OPC to sulphate binding which can be 
attributed to the higher C3A content.  
The total fraction of expansive reaction products in cement paste samples 
amounts to 52.37 % compared to the amount of the present phases for OPC, 
29.92 % for S50 and 5.85 % for S70. So, the large fraction of expansive reaction 
products for OPC causes the mass loss and length increase. After formation of 
these reaction products cracks appear, which results in spalling and crumbling 
leading to mass loss (see Table 4.2 and Table 4.4). As a result, sulphates will 
penetrate faster and deterioration continues. No Friedel’s salt is formed in these 
cement pastes, which is obvious since they were not exposed to chlorides. These 
findings provide an explanation for the mass and length change results and for 
the observed deterioration after immersion in a 50 g/l Na2SO4 at 20 °C. 
The profiles from the cement paste samples that were subjected to a XRD-
analysis after immersion in Comb. 1 containing 50 g/l Na2S04 and 50 g/l NaCl at 
20 °C are shown in Figure 4.19.  
Ettringite as well as Friedel’s salt represent a large fraction of the crystalline 
phases. The amount of gypsum found in the samples immersed in the combined 
solution is rather small, especially when it is compared to the amount of gypsum 
found in the OPC samples after immersion in a single sodium sulphate solution 
at 20 °C. On the other hand, the ettringite fraction in OPC samples is also clearly 
influenced by the presence of chlorides. Moreover, the formation of ettringite 
and gypsum in OPC samples decreases when the chloride content increases, 
namely from 33.99 % and 18.38 %, respectively, in the Ref.1 solution to 17.9 % 
and 1.8 % in the Comb. 1 solution. In general, the amount of Friedel’s salt 
increases when the BFS content increases.  
The amount of ettringite in the S50 samples immersed in the single sodium 
sulphate solution and the combined solution are comparable. Overall, the 
reciprocal influence of sulphate and chloride ions on the sulphate binding 
behaviour in BFS concrete is negligible at an environmental temperature of 
20 °C. Nevertheless, for the S70 samples a large increase is measured in the 
ettringite content compared to the content measured in the samples immersed in 
the single sodium sulphate solution. It is not clear how this increase can be 
explained. The value found after immersion in the single sodium sulphate 
solution should be doubtful.  
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Reaction  
product 
Amount [%] 
OPC S50 S70 
Gypsum 1.8 4.6 5.9 
Ettringite 17.9 22.7 26.2 
Friedel’s salt 15.2 19.2 22.8 
Figure 4.19: XRD-profiles for OPC, S50 and S70 after 6 months immersion in a Comb.1 
solution with indication of the peaks for Ettringite (E), Gypsum (G) and Friedel’s salt 
(F). + Quantitative Rietveld analysis after XRD-measurements for OPC, S50 and S70 
specimen immersed in a Comb. 1 solution for 6 months. The amount of reaction products 
is compared to the internal standard [%]. 
The link between the amount of reaction products and the deterioration, which 
was not observed, in BFS concrete is not immediately clear since it is generally 
assumed that a higher amount of ettringite results in a higher degree of 
deterioration. However, based on the results in this work the opposite is found, 
the high ettringite fraction on itself does not lead to more deterioration. As 
described by Kunther et al. (2013), deterioration due to expansion of the reaction 
products will only occur when there is a coexistence of ettringite and gypsum. 
Next to the volume increase, which is the prerequisite for expansion, also 
supersaturation in the pore solution and thus the force exerted by the formed 
E
E E
E
E E
G
G
G
G
F
F F
E
E E
E
E
E
G G
G
GF
F
F
E
E
E
E
E E
G
G
GF
F F
5 10 15 20 25 30 35
In
te
n
si
ty
°2θ
Comb. 1 - 20 °C
S50 
OPC 
S70 
Chapter 4                                                                                       
92 
minerals are decisive. When gypsum is present, a higher degree of calcium and 
sulphate concentration is measured and thus also the expected degree of 
supersaturation with respect to ettringite is higher. So, the pressure generated by 
the growing ettringite crystals can be higher as well. Kunther et al. (2013) 
conclude that the development of crystallization pressure due to crystals in 
supersaturated pore solution is more probable when gypsum and ettringite can 
co-exist.  In this research, it is clear that most deterioration is observed for the 
samples where ettringite and gypsum coexist, namely the OPC samples in the 
single sodium sulphate solution at 20 °C. In all the samples immersed in the 
combined solution with sodium sulphate and chloride at 20 °C, the amounts of 
ettringite are rather high, although, the gypsum content is small. This could 
explain why almost no deterioration is found for samples immersed in the 
combined sulphate and chloride solution. 
It should be noted that the following XRD-profiles are for mortar instead of 
cement paste. Consequently, it was not possible to do a reliable Rietveld 
analysis since it is disturbed by the Quartz peaks. Nevertheless, some 
quantitative comparisons between different profiles are made based on the peak 
intensity. In the profiles shown in Figure 4.20 to Figure 4.26, the peaks 
belonging to quartz and zincite (internal standard for the Rietveld analysis) are 
eliminated (topped). These peaks are found at [20.85 °2θ; 26.65 °2θ; 50.14 °2θ] 
and [31.75 °2θ; 34.44 °2θ; 36.25 °2θ], respectively. 
Figure 4.20 shows the profile for OPC after storage in Ref. 1 at 5°C. The other 
mixtures are not analyzed since OPC is the only mixture for which some 
deterioration is observed based on the mass and length change measurements as 
well as based on the visual inspection. 
 
Figure 4.20: XRD-profiles for OPC after 6 months immersion in Ref. 1 at 5 °C, with 
indication of Portlandite (P), Ettringite (E), Thaumasite (T) and Gypsum (G).  
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Similar to the OPC sample exposed to the single sodium sulphate solution at 
20 °C, mainly ettringite and gypsum are found. The peaks characterising these 
phases are distinguished clearly. In addition a small fraction of thaumasite is 
observed. Although this phase is not as clear as gypsum and ettringite. One of 
the reasons why it is difficult to identify thaumasite is because the characteristic 
peaks are next to ettringite peaks which mask them. This becomes clear in 
Figure 4.21. 
 
Figure 4.21: XRD-profiles of Ettringite (E) and Thaumasite (T).  
Next, the phase identification by means of XRD for an OPC sample out of 
Comb. 1 at 5 °C is shown in Figure 4.22.  
 
Figure 4.22: XRD-profiles for OPC after 6 months immersion in Comb. 1 at 5 °C, with 
indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) and Friedel’s 
salt (F). 
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The main reaction products found in OPC mortar after storage in a combined 
sodium sulphate and chloride solution at 5 °C are ettringite and gypsum with the 
possible presence of thaumasite. In addition, Friedel’s salt is identified as well 
since chlorides were able to penetrate the mortar. Furthermore, a large amount 
of Portlandite is still present in the mortar. 
When the peak intensities of the last two XRD-profiles are compared (Figure 
4.20 and Figure 4.22), it is clear that the amount of ettringite is quite similar. But 
the amount of gypsum significantly changes in function of the host solution. 
When chlorides are present, the amount of gypsum decreases. Furthermore it 
can be seen that the amount of Portlandite increases which could indicate 
reduced binding. 
In general, the findings after storage in a single or combined sodium sulphate 
solution at an environmental temperature of 5 °C are in accordance with those 
after storage at 20 °C, with the difference that a small amount of thaumasite 
could be present after storage at 5 °C. However, based on the decreased mass 
and length change it can be stated that if this fraction of thaumasite is present, it 
has no distinct influence on the attack mechanism. Focusing on the samples 
from the single sodium sulphate solutions, the peak intensity is less at 5 °C. This 
confirms the obtained results, namely reduced deterioration due to decreasing 
temperatures.  
Figure 4.23 shows the XRD-profiles for OPC and S50 after 6 months immersion 
in Ref. 2.  
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Figure 4.23: XRD-profiles measured for OPC and S50 after 6 months immersion in Ref. 
2 at 20 °C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) 
and Brucite (B). 
Figure 4.24 shows the XRD-profiles for OPC and S50 after 6 months immersion 
in Comb. 2. 
 
Figure 4.24: XRD-profiles measured for OPC and S50 after 6 months immersion in 
Comb. 2 at 20 °C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), 
Gypsum (G) and Brucite (B). 
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Regarding phase changes inducing deterioration due to single magnesium 
sulphate attack at an environmental temperature of 5 °C, the results of the XRD 
analysis are given in Figure 4.25. Only the profile for OPC mortar exposed to a 
magnesium sulphate solution is shown since S50 and HSR showed only 
limited/negligible deterioration.  
 
Figure 4.25: XRD-profiles measured for OPC after 6 months immersion in Ref. 2 at 
5 °C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) and 
Brucite (B). 
The main phases present in an OPC mortar after storage in a single magnesium 
sulphate solution at 5 °C are ettringite and gypsum as well as less identifiable 
thaumasite and brucite. The amounts of ettringite, gypsum and thaumasite are 
similar or in some cases slightly lower than in sodium sulphate solutions at 5 °C. 
This confirms the measurements by means of the mass changes where only 
limited differences were observed. 
As mentioned, also the presence of a brucite fraction can be confirmed by peak 
analysis, however, it is only a very small amount. This is due to the thickness of 
the investigated layer, which was between 3 mm and 5 mm. Since brucite is only 
found at the surface, the amount will be averaged over the total sample. The 
presence of brucite can indicate the formation of an impermeable surface layer 
which causes the decrease in total amount of expansive reaction products. 
Although, more analyses are needed to clarify the presence and the behavior of 
brucite. Within the context of this research, TGA-analysis were performed since 
brucite can be identified as it decomposes 50 °C earlier than Portlandite, 
however, no useful results were obtained. 
At last, Figure 4.26 shows the XRD-profiles of OPC, HSR and S50 mortar 
samples stored in the combined solution Comb. 2 at 5 °C. Based on the mass 
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change measurements, the samples exposed to the combined magnesium 
sulphate and sodium chloride solution resulted in the most remarkable results. 
All of the mixtures experienced an equal, significant mass decrease. 
Furthermore, the mass decreases are higher than in every other tested condition 
with magnesium sulphate.  
 
Figure 4.26: XRD-profiles measured for OPC, HSR and S50 after 6 months immersion 
in Comb. 2 at 5 °C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), 
Gypsum (G), Brucite (B) and Friedel’s salt (F). 
The phases identified are in accordance with the phases found after storage in 
the single magnesium sulphate solution, mainly ettringite and gypsum together 
with thaumasite. The brucite fraction cannot be identified which does not mean 
that it is not present as explained already. Besides, Friedel’s salt is identified as 
well.  
Nevertheless, clear differences are observed regarding the peak intensities. In 
addition, the amount of gypsum is equal for all mortars. As it was also seen at 
20 °C, the ettringite content is slightly lower than in the single magnesium 
sulphate solution. On the other hand, a significantly increased amount of 
thaumasite is observed. So, this could indicate that ettringite transforms to 
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thaumasite. The presence of these phases indicate the higher vulnerability to 
deterioration. Furthermore the residual portlandite fraction is lower after storage 
in Comb. 2 at 5 °C than after storage in the Comb. 1 at 5 °C (peak intensity 
factor 2) test configurations, indicating a higher binding ratio.  
The reason why BFS mortar suffers more deterioration, can be attributed to the 
absence of a large portlandite fraction. If enough portlandite is present, it reacts 
with magnesium sulphate in order to form brucite which results in an insoluble 
blocking surface layer. Because of this, CSH is protected. Notwithstanding, 
when BFS is used as binder, magnesium sulphate can attack the CSH phase 
immediately by decomposing it to MSH. This is an uncementitious, mushy 
material which is observed during the visual inspection. According to the XRD 
analysis, small fractions of brucite were only found in OPC and HSR wherein 
also portlandite was found. 
The influence of chlorides intensifying the magnesium sulphate attack can be 
attributed to an increased thaumasite formation. Abdalkader et al. (2013), also 
found that the presence of low chloride concentrations accelerates mortar 
damage caused by thaumasite formation. In their research, both XRD and 
infrared spectra confirm that thaumasite formation (thaumasite-ettringite solid 
solutions) is responsible for the deterioration observed due to magnesium sulfate 
attack at 5°C. Also higher intensity of gypsum and the absence or limited 
amount of portlandite were detected in Portland cement samples subjected to 
combined magnesium sulphate and chloride solutions at 5 °C. According to 
Abdelkader et al. (2013), the chance of the dissolution of portlandite increase at 
lower temperature. However, in current research, the latter statement is not 
noticed in the combined sodium sulphate and chloride solution stored at 5 °C but 
only in the combined solution with magnesium sulphate. Although, this would 
result in a rapid reaction with sulphate ions to form gypsum and brucite, both of 
which were identified in the degradation products. The very low solubility of 
brucite would cause a reduction in pH so that ultimately CSH becomes more 
vulnerable to sulphate attack as well. This process appeared to occur more 
rapidly in specimens immersed in combined magnesium sulphate and chloride 
solutions, which showed higher deterioration rate. However, Sotiriadis et al. 
(2012), who used similar (combined) magnesium sulphate solutions at 5 °C as 
used in current research, assume that thaumasite attack is mitigated due to the 
presence of chlorides since chlorides penetrate faster into the cementitious 
material inhibiting the attack of sulphates on the CSH. Furthermore they say that 
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chlorides limit magnesium sulphate attack due to the increased dissolution of 
portlandite and due to the increased solubility of ettringite as well as thaumasite 
in chloride bearing sulphate solutions. Nevertheless, since portlandite reacts 
with chlorides as well, sulphates will react with CSH. This reaction leads to an 
increased thaumasite and MSH content. Notwithstanding, it seems appropriate 
to investigate this topic more in detail. Nevertheless, lots of parameters will have 
to be taken into account in order to clarify all aspects of this combined attack 
mechanism. 
In the end, the statement made by Al-Amoudi et al. (1995) about the influence 
of chlorides on sulphate attack can be adapted and refined. They said that there 
are three possible schools of thought with regard to the influence of chlorides on 
sulphate attack: 1) the sulphate attack mechanism is intensified, 2) sulphate 
attack is mitigated, and 3) the influence is insignificant. Based on current 
research it seems that these are not just three possible schools of thought, these 
are the three real categories of chloride effects on sulphate attack: 1) the sodium 
sulphate attack mechanism is mitigated, regardless the temperature, 2) the 
magnesium sulphate attack mechanism is not significantly influenced at 20 °C, 
except for BFS mortar, 3) the magnesium sulphate attack mechanism is 
intensified at 5 °C and for BFS mortar. 
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4.6. Conclusions 
It is concluded that the influence of chlorides on sulphate attack is not 
straightforward. In general, it is assumed that chlorides mitigate or delay the 
sulphate attack mechanisms. Although, current research points out that this 
statement is only valid for sodium sulphate attack and not for magnesium 
sulphate attack. Especially at low environmental temperatures and when slag is 
used as cement replacement different effects occur, more specifically instead of 
mitigating the deterioration it aggravates.  
For sodium sulphate attack, following conclusions are drawn: 
 Chlorides have a mitigating effect on sodium sulphate attack, regardless the 
environmental temperature. Both, sulphates and chlorides will bind with the 
portlandite and C3A hydration products to form gypsum and ettringite on 
the one hand and calciumchloride and Friedel’s salt on the other hand. 
However, the chloride reaction product, Friedel’s salt, is not stable in the 
presence of sulphates (Brown and Badger, 2000, Xu et al., 2013). So, it is 
assumed that over time Friedel’s salt will disappear, more ettringite and 
gypsum will form and deterioration will occur. 
 When mortar is exposed to a sodium sulphate and chloride containing 
environment, a large fraction of ettringite is present, however, almost no 
deterioration is observed. This can be attributed to the small amount of 
gypsum. Deterioration due to sodium sulphate attack only occurs when 
ettringite and gypsum are found together. In specimens exposed to a single 
sodium sulphate environment, where deterioration is observed, both 
ettringite and gypsum are present in large amounts. 
 Low environmental temperatures (5 °C) slow down the sodium sulphate 
attack mechanism. However, when chlorides are present at the low 
temperatures slightly more mass loss is observed than at 20 °C, however the 
differences are negligible. 
 In general, replacement of ordinary Portland cement by high-sulphate 
resistant Portland cement or partly by blast-furnace slag improves the 
resistance of concrete/mortar against sodium sulphate attack. In addition, 
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chlorides have no influence (neither positive nor negative) on sodium 
sulphate attack in HSR and BFS mortar.  
With regard to magnesium sulphate attack the following is concluded: 
 The effect of chlorides on magnesium sulphate attack changes in function of 
the environmental temperature and the binder type. 
 At an environmental temperature of 20 °C, chlorides have no effect on 
deterioration due to magnesium sulphate attack in ordinary and high-
sulphate resistant Portland cement mortar. The small amounts of 
deterioration can be attributed to the formation of gypsum and ettringite. 
In case that blast-furnace slag is used as cement replacement, the 
deterioration rate increases significantly when exposed to a magnesium 
sulphate host solution with added chlorides. So, concerning BFS mortar, 
chlorides have an intensifying effect on magnesium sulphate attack at an 
environmental temperature of 5 °C due to increased thaumasite formation 
and decomposition of CSH to MSH by absence of a protecting brucite layer.  
 A temperature decrease from 20 °C to 5 °C does not influence single 
magnesium sulphate attack, regardless the binder type. The mass change 
stays equal, damage looks similar and the amount of reaction products does 
not change.  
 Contrarily, for combined attack of magnesium sulphate and chlorides, a 
temperature decrease causes a significant increase in deterioration for 
cementitious materials with ordinary Portland cement and high sulphate 
resistant cement as binder. In addition for materials containing slag as a 
cement replacement, the deterioration slightly decreases. In the end, the 
amount of damage in an environment containing magnesium sulphate and 
chlorides at 5 °C is equal for mortar with all tested binders. 
In general, it seems that chlorides mitigate sulphate attack when ettringite and 
gypsum are the main reaction products causing deterioration. When thaumasite 
is formed due to sulphate attack, chlorides induce an increased deterioration. 
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 Chloride attack and the 
influence of sulphates 
The influence of the multi-ion transport on the proper attack mechanisms was 
examined by means of accelerated tests conducted in the laboratory. In this part 
of the research, the influence of sulphates on chloride attack was investigated by 
means of diffusion tests whereupon colour change boundaries, chloride profiles 
and chloride diffusion coefficients were determined. 
5.1. Materials  
To examine the influence of sulphates on chloride penetration, four different 
concrete and mortar mixtures were used: two Portland cement mixtures, namely 
one with Ordinary Portland Cement (OPC) and one with High-Sulphate 
Resistant cement (HSR), as well as two Blast-Furnace Slag (BFS) mixtures with 
Portland cement replacement levels of 50 % (S50) and 70 % (S70). The 
mixtures are described in Chapter 2, Part 2.2.1 and Part 2.2.2. 
Cubes with 150 mm side were cast and cured at 20 °C and a relative humidity 
(R.H.) higher than 95 %. They were demoulded after 24 h (or 48 h if BFS was 
used) and cured under the same conditions until the age of testing. Then a 
cylinder with diameter 100 mm was drilled from each cube and this cylinder 
was cut in three specimens with a thickness of about 50 mm.  
In addition, some cement paste samples were produced to perform XRD-
analysis. These mixtures are also described in Chapter 2, part 2.2.3. Prisms of 
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40 x 40 x 160 mm³ were produced and cured at 20 °C and 95 % R.H. After 
28 days curing, slices of 40 x 40 x 7 mm³ were cut off and these slices were 
vacuum saturated before immersing in the test solutions. 
5.2. Methods 
To determine the resistance against chloride penetration and the influence of 
sulphates hereon, rapid chloride migration tests (RCM or CTH) and diffusion 
tests were performed. Afterwards, colour change boundaries (ccb) were obtained 
on the one hand, which give an indication of the chloride penetration depths or 
provide a chloride migration coefficient (Dnssm), and chloride profiles were 
obtained on the other hand, which provide the data to calculate a chloride 
diffusion coefficient (Dnssd) and chloride binding. The cylindrical concrete 
specimens were exposed to the solutions at the age of 28 days. 
5.2.1. Migration test 
For migration the CTH test was used, as described in NT Build 492 (1999) and 
by Tang (1996). Because the samples were vacuum saturated with 
4 g/l Ca(OH)2, the chloride ions will move along the liquid-filled pores. The 
catholyte solution was a 10% NaCl solution, while the anolyte solution was a 
0.3 N NaOH solution. Figure 5.1 shows the set-up for the CTH test.  
 
Figure 5.1: Schematic arrangement and photo of migration set-up (NT Build 492, 1999) 
Because chloride penetration depths were compared to each other, a constant 
voltage and a constant test duration were used. Based on a preliminary 
comparative study, it was concluded that a voltage of 30 V and a test duration of 
8 h were the most suitable to compare chloride penetration depths. Similar test 
setups were used by Marsavina et al. (2009) who conducted non-steady state 
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migration test NT BUILD 492 (1999) on cracked concrete specimens vacuum 
saturated with a saturated Ca(OH)2 solution. Afterwards, they applied an 
external electrical potential of 25 V across the specimen for 2 hours forcing the 
chloride ions from the 10% NaCl solution to migrate into the specimen. During 
the same research, Marsavina et al. (2009) applied varied test durations from 
4 to 10 h on notched specimens in accordance with NT BUILD 492 (1999), in 
order to prevent complete penetration.  
Colour change boundary 
The ccb was determined by means of the colorimetric method, more specifically 
by spraying a 0.1 M AgNO3 solution onto both halves of split specimens. This 
results in a visible white deposit of AgCl2, where free chlorides have penetrated 
into the concrete. The measurement of the chloride penetration depth can be 
carried out on the specimen itself or on a digitized image. In this research, 
analyses were done by means of photographs of the split specimens which were 
analysed by using ImageJ Software. For each half specimen the penetration 
depth was measured at 6-9 places with an interval of 10 mm. In the case of 
analysis by means of photographs, the ‘‘subjective’’ feature resulting from 
laboratory light, sample roughness, etc. in the detection of the penetration front 
is reduced (Baroghell-Bouny et al., 2007). 
Kim et al. (2007) recommend that the silver nitrate concentration should be 
more than 0.05 N in order to be able to observe a distinct change of color.  In 
addition, Baroghell-Bouny et al. (2007) suggest that one or two successive 
sprayings are usually necessary. The observed colours may vary somewhat 
depending on the chloride content and the mix-composition (in particular on the 
presence of supplementary cementing materials). Nevertheless, in every case the 
chloride-contaminated zone appears lighter. 
5.2.2. Diffusion test 
The resistance of concrete to chlorides was evaluated by means of the diffusion 
test as described in NT Build 443 (1995). Using combined solutions next to the 
prescribed single chloride solution makes it possible to examine the influence of 
sulphates on chloride penetration.  
At the age of 28 days, the specimens were saturated in a 4 g/l Ca(OH)2 solution. 
After 7 to 10 days of immersion in this solution, the specimens were coated, 
except for the casting surface. The coated specimens were placed in the 
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4 g/l Ca(OH)2 solution for another 7 days. Afterwards the specimens were 
placed in the test solution, namely an aqueous NaCl solution with a 
concentration of 165 g/l, equal to the one described in NT Build 443 or a 33 g/l 
NaCl solution, equal to sea water. To determine the influence of sulphates, six 
extra test solutions were made, as tabulated in Table 5.1. Four of these test 
solutions contained 165 g/l NaCl as well but the sulphate content which 
amounted to 18.6 g/l SO42- (Comb.1 and Comb. 4) and 33.7 g/l SO42-(Comb. 2 
and Comb. 5). Sulphates were provided by Na2SO4 (Comb. 1 and Comb. 2) or 
MgSO4 (Comb. 4 and Comb. 5). In the first combination, the Cl-/SO42- ratio is 
equal to the ratio found in sea water from the North Sea. The second 
combination has a higher Cl-/SO42- ratio in order to clarify the influence of the 
sulphates more in detail. The ‘realistic’ solutions with a NaCl content of 33 g/l 
were diluted with 3.4 g/l SO42-, more specifically with 5 g/l Na2SO4 (Comb. 3) 
or 4.2 g/l MgSO4 (Comb. 6), because these salt contents are similar to the salt 
contents of real sea water.  
Table 5.1: Overview of the chloride test solutions. 
 Influence of SO4
2- on Cl--attack (ccb + Cl--profiles) 
Ref. 1  165 g/l NaCl (= 100 g/l Cl-) 
Ref. 2  33 g/l NaCl (= 20 g/l Cl-) 
Comb. 1  165 g/l NaCl + 27.5 g/l Na2SO4 (= 18.6 g/l SO4
2-) 
Comb. 2  165 g/l NaCl + 50 g/l Na2SO4 (= 33.8 g/l SO4
2-) 
Comb. 3  33 g/l NaCl + 5 g/l Na2SO4 (= 3.4 g/l SO4
2-) 
Comb. 4  165 g/l NaCl + 23.25 g/l MgSO4 (= 18.6 g/l SO4
2-) 
Comb. 5  165 g/l NaCl + 42.5 g/l MgSO4 (= 33.8 g/l SO4
2-) 
Comb. 6  33 g/l NaCl + 4.2 g/l MgSO4 (= 3.4 g/l SO4
2-) 
This study deals with NaCl as the source of the intruding chloride ions, for 
several reasons. The first reason for this choice is that NaCl is the source of 
chloride ions in marine environments, the most frequent environment for 
chloride attack on reinforced concrete structures. The typical concentration of 
NaCl in seawater is fairly constant, e.g. the Atlantic Ocean: 3.6 mass %, the 
North Sea: 3.3 mass %, the Persian Gulf: 4. 3 mass %, cf. Chapter 3, section 3.2. 
Another reason for investigating NaCl as a source of chloride ions is its use in 
the rapid chloride migration test, described as well in Part 5.2.1. 
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The tests took place at 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. This is similar to 
the range of temperatures found in real marine environments and the period of 
immersion lasted for 7 weeks or for 14 weeks, unless mentioned differently. 
After storage in the test solutions, the ccb and chloride profiles were obtained. 
Colour change boundary 
Similar to the method used after migration tests, cf. Part 5.2.1. 
Chloride profile 
To obtain a chloride profile, chloride concentrations had to be measured at 
different depths. For practical reasons, chloride profiles and the ccb could not be 
obtained from the same specimens. Both were determined on different 
specimens from the same batch.  
Powder was collected from the cylindrical specimens up to a depth of 20 mm, 
using a profile grinder. Layers of 2 mm thickness were ground. Acid-soluble as 
well as water-soluble chlorides were extracted from the powder. The acid-
soluble chloride content gives an indication of the total chloride content and the 
water-soluble chloride content is used to estimate the free chloride content.  
Extraction of acid-soluble chlorides: The total chloride content was determined 
by acid-extraction. 35 ml distilled water and 5 ml 0.3 mol/l HNO3 were added to 
a beaker in which 2 g of the dry powder, sieved on a 160 µm sieve, was poured. 
The solution was stirred manually for 1 minute and placed on a hot plate until 
boiling. After cooling down until room temperature, the solution was poured 
over a filter paper into a volumetric flask. The beaker was rinsed with distilled 
water, which was poured over the filter paper as well. The solution in the flask 
was filled up with distilled water to 100 ml and 10 ml was pipetted. Next, 20 ml 
distilled water and 20 ml 0.3 mol/l HNO3 were added to the 10 ml extracted 
liquid. This solution was used for analysis. The method differs from the method 
described in the RILEM recommendation for the analysis of total chloride 
content in concrete (178-TMC 2002a) since they prescribe the Vollhard method, 
in which titration is performed in combination with a thiocyanate solution until 
colour change appears. Besides, the current method slightly differs from the one 
described by Yuan (2008). The procedure is similar but the volumes of reagents 
are changed, however, the reciprocal ratios are equal. 
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Extraction of water-soluble chlorides: Firstly, 2.5 g dry powder, sieved on a 
160 µm sieve, was poured in a plastic cup. 50 ml distilled water was added and 
stirred for about 1 minute. The solution was stored for 24 hours at 20 °C. After 
24 hours, 5 ml of the extraction solution was pipetted. 25 ml distilled water and 
20 ml 0.3 mol/l HNO3 were added. This liquid was used for analysis. 
In the RILEM recommendation for the analysis of water-soluble chloride 
content in concrete (178-TMC 2002b), a contact time of 3 minutes between the 
sample and the extraction solution is proposed to minimize the extraction of 
bound chlorides. According to the tests carried out by the Technical Committee 
RILEM TC 178 TMC (Castellote and Andrade, 2001) and the AFREM group 
(Chaussadent and Arliguie, 1999), determination of the water-soluble chloride 
content is complicated since the ratio of the bound-to-free chlorides evolves 
with time and temperature. However, Pavlı́k (2000) investigated some 
influencing factors as well and found that within 24 hours the quantity of the 
chlorides extracted with the addition of low amount of water was only slightly 
higher than the amount of the free chlorides.  
For the analysis, namely a potentiometric titration, a Metrohm MET 702 
automatic titrator was used. The titration was executed with 0.01 M AgNO3.  
Before measuring chloride profiles, the titrator was calibrated to determine the 
exact concentration of the titration solution (~ 0.01 mol/l AgNO3). The 
calibration solution was based on a total volume of 50 ml consisting of 20 ml 0.3 
mol/l HNO3. The remaining 30 ml contained 5 ml of 0.01 mol/l NaCl 
supplemented with 25 ml distilled water. 
Repeatability of the used extraction and titration method in this work was 
checked. Triplicate tests were conducted on four homogenized samples. The 
results indicate that the used water extraction method is quite repeatable, since 
the coefficient of variation ranged from 0.8 % to 4.8 %. This corresponds to the 
repeatability results obtained by (2009). 
Chloride contents, in weight % (wt.%) of concrete or mortar, were calculated 
using Eq. 5.3 and 5.4 (Ct =  total chloride content, Cw = water-soluble chloride 
content). 
𝐶𝑡(𝑤𝑡. %) =
10×100×35.45×0.01×𝑉𝑜𝑙.𝐴𝑔𝑁𝑂3
1000×2
    (5.3) 
𝐶𝑤(𝑤𝑡. %) =
10×100×35.45×0.01×𝑉𝑜𝑙.𝐴𝑔𝑁𝑂3
1000×2.5
    (5.4) 
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Where 10 represents the dilution factor; 35.45 is the atomic mass of chlorides 
(g/mol); 0.01 is the concentration of the titration solution (mol/l); and 2 (or 2.5 
for water-soluble chloride content) is the mass of the concrete powder in the 
extraction solution. The factor 0.01 can be replaced by the exact concentration 
of the AgNO3-solution, resulting from the calibration and with unit mol/l.   
The water-soluble chloride concentration gives an indication of the free chloride 
content in the concrete. In this research, the free chloride content cf is assumed 
(based on experimental comparison between free chlorides obtained by the pore 
pressing technique and the water-soluble chlorides by means of powder 
extraction) to be 80 % of the water-soluble chloride content, in accordance with 
the findings of Yuan (2009). The water-soluble chloride content and the free 
chloride content which was measured by means of a pore solution extraction 
were compared.  
To convert the measured chloride contents from wt.% concrete to mol/l, Eq. 5.5 
was used. 
𝐶(𝑚𝑜𝑙/𝑙) =
𝜌𝑑𝑟𝑦×𝐶(𝑤𝑡.%)
35.45×𝜑
     (5.5) 
Here C (wt.%) represents the total or water-soluble chloride content relative to 
the mass of the concrete and ρdry is the density of dry concrete (kg/m³) and φ  is 
the open porosity (volume %). 
The open porosity is obtained by means of a vacuum saturation test and is 
calculated as follows: 
𝜑 =
𝑊𝑎−𝑊𝑑
𝑊𝑎−𝑊𝑤
        (5.6) 
Where Wa is the weight of the saturated sample, Ww is the weight of the 
saturated sample measured under water and Wd is the dry weight of the sample. 
Diffusion coefficient 
For specimens that underwent the diffusion test, the diffusion coefficient was 
calculated in accordance to the method described in NT Build 443 (1995). The 
values for surface concentration and non-steady-state diffusion coefficient are 
calculated by adapting Eq. 5.7 to the measured chloride profiles by applying a 
non-linear regression analysis in accordance with the least squares method. 
 𝐶(𝑥, 𝑡) = 𝐶𝑠 − (𝐶𝑠 − 𝐶𝑖)erf (
𝑥
√4𝐷𝑛𝑠𝑠𝑑𝑡
)    (5.7) 
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Where C(x,t) is the chloride concentration at depth x and time t (mass % 
concrete), Ci the initial chloride concentration (mass % concrete), Cs the 
chloride concentration at the surface (mass % concrete), Dnssd the non-steady-
state diffusion coefficient (m²/s), x the distance from the surface until the middle 
of the considered layer (m) and t the exposure time (s). 
It is reasonable to assume that the initial chloride concentration Ci in Eq. 5.7 
equalled 0 % (in reality, this value can differ from 0 % and in current research 
an average concentration of 0.15 ± 0.05 wt.% binder is found). The first layer 
was excluded from the regression analysis, since the measured chloride 
concentration in the first layer is generally considered not representative. 
According to NT Build 443 (1995), this calculation procedure should only be 
applied to the total chloride profile. In this research, the error function solution 
(Eq. 5.7) was also fitted to the free chloride profile. 
When the measured chloride profile does not contain at least 6 points that cover 
the past of the profile between the exposed surface and the depth with a chloride 
content of Ci + 0.03 mass % (NT Build 443, 1995), the modelled profile will not 
fit the measured chloride profile as expected. This can occur when the samples 
are exposed for a long immersion period and when the chloride concentrations 
are measured over only 20 mm. In that case, the measured profile is optimised. 
This means that the profile is prolonged based on extrapolation until the initial 
chloride content is obtained. 
Determination of chloride binding isotherms  
The difference between the total chloride content and free chloride content gives 
an indication of the bound chloride content. The binding capacity can also be 
plotted as binding isotherms. The three most well-known binding isotherms are 
the Freundlich binding isotherm, the Langmuir isotherm and the linear binding 
isotherm. In this research only the former two are used to describe the binding 
behaviour. The Freundlich binding isotherm (Eq. 5.8)  and the Langmuir binding 
isotherm (Eq. 5.9) are described as follows:  
 𝐶𝑏 = 𝛼𝐶𝑓
𝛽
        (5.8) 
 𝐶𝑏 =
𝛼𝐶
(1+𝛽𝐶𝑓)
        (5.9) 
Where  and  are empirical constants, Cb bound chloride content (mg/g binder) 
and Cf free chloride content (mol/l). To change the unit of the bound chloride 
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content from m% concrete to mg/g binder (Eq. 5.10), the bound chloride 
concentration obtained by reducing total chloride content with free chloride 
content expressed in m% concrete has to be multiplied with 1000 and with the 
inverse of the binder content. The binder content is equalled to the sum of the 
cement, the supplementary cementing materials and non-evaporable water 
content (Yuan, 2009). 
 𝑏𝑖𝑛𝑑𝑒𝑟 % =  
𝑤𝑐+𝑤𝑤−𝜌𝑑𝑟𝑦 .𝜔𝑚%
𝜌𝑑𝑟𝑦 .1
              (5.10) 
Where wc is the weight of cementing materials for 1 m³ concrete (kg), ww is the 
weight of mixing water for 1 m³ concrete (kg), ρdry is the density of dry concrete 
(kg/m³) (Table 3) and ωm % is the evaporable water content relative to the mass 
of dry concrete (Eq. 5.11).  
 𝜔𝑚 =
𝑊𝑎−𝑊𝑑
𝑊𝑑
                (5.11) 
In general the Freunlich as well as the Langmuir binding isotherms show the 
best fitting results (R²-value). However, the R²-values in this research are quite 
comparable. Nevertheless, the isotherms shown in this part are Freundlich 
binding isotherms except when it is mentioned differently. The Freundlich 
binding isotherm is used because it describes the binding at high concentrations 
better than the Langmuir binding isotherm. 
5.2.3. Electron Probe Micro-Analysis 
To perform Electron Probe Micro-Analysis (EPMA), similar mortar samples 
were prepared as for the colorimetric measurements. However, EPMA was done 
on separate adjacent specimens since spraying could not be carried out on the 
colorimetric tested specimens due to disturbance of the surface by AgNO3. After 
a certain immersion time, the samples were cut in half and small cores with a 
diameter of 30mm were drilled. The specimens were cut by using diamond 
blade cutters, without using water or oil to avoid the disturbance to Cl- ions 
distribution inside while cutting. The cut specimens were located at the exposed 
surface, as pointed out in Figure 5.2.  
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Figure 5.2: Example of the EPMA sample location. 
Then, they were partly fixed in a holder by means of epoxy (no contact with the 
surface, to avoid disturbance of the Cl-) and polished. After preparation, they 
were tested by means of a Jeol JXA 8200 Superprobe. A pixel (measuring point) 
size of 20 x 20 µm was used and for each of the elements an array of 
approximately 512 x 1024 points was measured. The tested elements were: Cl-, 
SO3, Ca2+, Na+, K+, Al3+ and Si2+. First, a mapping of these elements was done, 
and afterwards quantitative analysis was performed. To do the quantitative 
analyses, wavelength dispersive spectrometers (WDS) were used. 
The EPMA-measurements were performed by Florian Mittermayer from Institut 
für Materialprüfung mit TVFA, TU Graz, Austria. 
5.2.4. Statistical analysis 
Statistical analyses were applied to determine whether the means of the different 
test series were significantly different from each other or not. To do so, an 
analysis of variance test (ANOVA) was performed preceded by a Levene’s test 
(level of significance = 0.01) to verify the homogeneity of the variances. If equal 
variances were assumed, a Student-Newman-Keuls test (S-N-K test) or a Least 
Significant Difference-test (LSD test) was used (level of significance = 0.05). In 
the case that non-homogeneous variances were assumed, a Dunnet’s T3 Post-
Hoc test (level of significance = 0.05) was used.   
  
EPMA Sample 
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5.3. Results 
The results are all obtained after storage at 5 ± 0.4 °C, 20 ± 2.0 °C or 
35 ± 0.6 °C. Colour change boundaries, chloride profiles, chloride diffusion 
coefficients and chloride binding isotherms are given. The results are always 
shown as an average value of 3 individual measurements with indication of the 
standard deviation on individual measurements, unless mentioned differently. 
5.3.1. Realistic vs. laboratory conditions 
In realistic environments chloride concentrations amount to 33 g/l NaCl (Ref. 2). 
Nevertheless, in laboratory conditions higher concentrations are often used. The 
most commonly used NaCl content amounts to 165 g/l (Ref. 1).  In order to 
understand the different behaviour of cementitious materials in both 
environments, specimen were exposed to both solutions at 5 °C, 20 °C or 35 °C 
for 14 weeks. 
Colour change boundary 
Figure 5.3 gives an overview of the influence of the chloride concentration in 
the reference solutions in function of the storage temperature. The comparison is 
made for three different mixtures, OPC M(0.45), S50 M(0.45) and 
HSR M(0.45).  
From Figure 5.3 can be seen that an increase in chloride concentration in the 
host solution results in an increase in colour change boundary regardless the 
binder type and the environmental temperature. This increase is in all considered 
cases statistically significant. Notwithstanding the fact that this trend is 
independent of the binder type, it should be mentioned that the factor between 
ccb’s of Ref. 1 and Ref. 2 for Portland cement mixtures (OPC and HSR) is 
smaller than for S50, being 1.3 and 2.0 respectively. 
In addition, Figure 5.4 shows the influence of the mixture composition 
concerning chloride penetration. It seems that the chlorides penetrate 10 % 
deeper into concrete specimens than into mortar specimens and that these 
differences are statistically significant. Besides, this trend is independent of the 
chloride concentration. 
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Figure 5.3: Colour change boundary (ccb) for M(0.45) mixtures in function of the test 
temperature after 14 weeks immersion in Ref. 1 and Ref. 2. The storage temperatures 
amounted to 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. 
 
Figure 5.4: Comparison of the colour change boundary (ccb) for OPC C(0.45) and OPC 
M(0.45) after 14 weeks immersion.  
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Chloride profiles and chloride diffusion coefficients  
Figure 5.5 shows the average total chloride profiles for OPC mortar at 20 °C 
after storage for 14 weeks in single chloride solutions Ref. 1 and Ref. 2. In 
addition the chloride diffusion coefficients are indicated.  
 
Figure 5.5: Measured total chloride profiles and diffusion coefficients for OPC M(0.45) 
specimen 14 weeks immersed in NaCl solutions with concentrations of 165 g/l and 33 g/l 
respectively. The error bars indicate the standard deviations. 
Based on the chloride profiles shown in Figure 5.5 it seems that chloride 
penetration increases with increasing chloride concentration in the host solution. 
Nevertheless, the shape of both profiles is similar and the obtained chloride 
diffusion coefficients are equal. The one for 33 g/l NaCl is a little bit lower but 
the difference is not statistically significant. In addition, these observations are 
also valid at different environmental temperatures, as can be seen in Table 5.2. 
Table 5.2: Chloride diffusion coefficients for OPC M(0.45) after immersion in Ref. 1 
and Ref. 2 after 14 weeks storage at different temperatures, namely 5 ± 0.4 °, 20 ± 2.0 °C 
or 35 ± 0.6 °C. 
 Dnssd (10
-12 m²/s) 
 5 °C 20 °C 35 °C 
Ref. 1 3.196 ± 0.19 4.757 ± 0.30 6.531 ± 0.67 
Ref. 2 3.320 ± 0.04 4.665 ± 0.27 6.793 ± 0.27 
In addition, the chloride surface concentration significantly differs from each 
other in function of the chloride content of the environment, see Table 5.3. This 
observations is quite logical. 
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Table 5.3: Surface concentrations for OPC M(0.45) after immersion in Ref. 1 and Ref. 2 
after 14 weeks storage at different temperatures, namely 5 ± 0.4 °, 20 ± 2.0 °C or 
35 ± 0.6 °C. 
 Cs (wt.% binder) 
 5 °C 20 °C 35 °C 
Ref. 1 4.116 ± 0.23 5.688 ± 0.29 4.456 ± 0.50 
Ref. 2 2.713 ± 0.42 3.304 ± 0.29 2.468 ± 0.34 
 
Chloride binding isotherms 
In addition to the results based on chloride profiles and chloride diffusion 
coefficients, the chloride binding is calculated based on the total and the free 
chloride profiles. The chloride binding behaviour is represented by means of 
chloride binding isotherms.  
In Figure 5.6 the Freundlich binding isotherms as well as the Langmuir binding 
isotherms are shown in order to compare the chloride binding of the reference 
solutions. 
 
Figure 5.6: Chloride binding isotherms for OPC M(0.45) immersed for 14 weeks at 
20 °C in reference chloride solutions with NaCl concentrations of 165 g/l and 33 g/l 
respectively. 
The binding behaviour at 20 °C based on the Freundlich as well as on the 
Langmuir isotherms is quite similar. So it is clear that the difference between 33 
g/l NaCl and 165 g/l NaCl is only visible in the chloride penetration depth and 
the chloride concentrations. This can be explained by the fact that the ratios 
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between the surface chloride concentration and the chloride concentrations at 
every measured depth are constant, regardless the chloride concentration of the 
environment. Moreover, the ratio between the bound chlorides and the free 
chlorides does not depend either on the concentration of the host solution. 
Nevertheless the concentration values in particular increase in function of the 
chloride concentration of the host solution. Since the colorimetric method 
depends on the chloride concentration at the boundary, results do depend on the 
type of host solution in this case. 
Table 5.4 gives the regression parameters of both the binding isotherms as 
shown in Figure 5.6.  
As can be seen, R² reaches values above 0.900 for OPC immersed in 33 g/l NaCl 
(Ref. 2) as well as for OPC immersed in 165 g/l NaCl (Ref. 1). This means that 
the Freundlich and Langmuir binding isotherms are fitted well.  
Table 5.4: Regression parameters of Freundlich and Langmuir binding isotherms for 
OPC stored at 20 ± 0.20 °C in Ref. 1 and Ref. 2 solutions for 14 weeks. 
 
Freundlich Langmuir 
α β R² α β R² 
33 g/l NaCl 5.478 0.559 0.945 16.819 2.031 0.982 
165 g/l NaCl 5.827 0.459 0.946 12.566 1.248 0.975 
Furthermore, the relative OPC M(0.45) binding difference between storage in 
165 g/l NaCl and 33g/l NaCl solutions does not change in function of the 
environmental  temperature (results are not shown).  
5.3.2. Immersion time 
It is generally known that chloride penetration is influenced by the immersion 
time. But it is not clear how the resistance of cementitious materials against 
chlorides is influenced by immersion time when sulphates are present in the 
environment. 
Colour change boundary 
Firstly, the chloride penetration is visualised and measured by means of the 
colour change boundary (ccb). Figure 5.7 shows the average chloride 
penetration depths (ccb) with indication of the standard deviations for 
OPC M(0.45) specimens immersed in chloride solutions and combined chloride 
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and sulphate solutions, namely Ref. 1, Comb. 2 and Comb. 5 (see Table 5.1). 
The immersion time amounts to 7, 14, 22 and 35 weeks after a curing time of 
28 days. The storage temperature was kept constant at 20 ± 2 °C. 
 
Figure 5.7: Colour change boundary (ccb) for OPC M(0.45) after different immersion 
periods in function of the test solution. The error bars indicate the standard deviation. 
The error bars indicate the standard deviation. 
From Figure 5.7 it is clear that a longer immersion period results in a deeper 
chloride penetration. The increase in ccb is statistically significant in all cases 
except when the storage in Comb. 2 increases from 7 to 14 weeks and from 
28 to 37 weeks. In addition, the presence of sulphates influences the chloride 
penetration in OPC mortar in function of time. Although, the time dependent 
influence is not similar for every test solution.  
After an immersion period of 7 weeks, the average chloride penetration depth 
obtained for OPC M(0.45) mortar exposed to a 165 g/l NaCl solution with 
50 g/l Na2SO4 added (Comb. 2) is slightly higher than for mortar exposed to a 
165 g/l NaCl solution (Ref. 1). In case that 45.5 g/l MgSO4 is added to the 
165 g/l NaCl solution (Comb. 5), the average chloride penetration depth is 
slightly lower compared to the reference. Nevertheless, these differences are not 
statistically significant.  
The same behaviour is measured for specimens immersed during 14 weeks, 
however, the chloride penetration depth is increased with a factor of 1.18 to 
1.31. Based on the statistical analysis it becomes clear that the ccb after 
14 weeks immersion in Comb. 2 is not significantly different from the ccb after 
5
10
15
20
25
30
Ref. 1 Comb. 2 Comb. 5
cc
b
 [
m
m
]
7 weeks 14 weeks 28 weeks 37 weeks
31 %
62 %
12 %
18 %
23 %
5 %
28 %
27 %
52 %
% indicates the ccb ratio 
between 2 immersion times
                                                           Influence of sulphates on chloride attack 
119 
storage in Ref. 1 or in Comb. 5. Although storage in Comb. 5 results in a 
significantly lower ccb compared to storage in Ref. 1.  
Looking at the colour change boundary after 22 weeks immersion, it is clear that 
the presence of SO42- in a Cl- solution mitigates chloride penetration. The ccb 
increases with a factor of 1.62 between 14 and 22 weeks immersion in Ref. 1 
while it only increases with a factor 1.23 and 1.27 when exposed to Comb. 2 and 
Comb. 5, respectively. This results in significantly lower ccb values. Even more, 
the ccb after storage in Comb. 5 is significantly lower than after storage in 
Comb. 2.  
Nevertheless, after 35 weeks of immersion, the ccb for specimens stored in 
Comb. 5 shows a spectacular increase compared to the ccb after 22 weeks 
immersion, namely with a factor 1.52. This results in a ccb which is almost 
equal and not significantly different to the ccb after 35 weeks in Ref. 1. In case 
of 35 weeks of immersion in Comb. 2, the ccb increases only with a factor of 
1.05. This results in a ccb significantly lower than the ccb after immersion in 
Ref. 1 and Comb. 5.  
The ccb increase in function of time for the different test solution becomes more 
clear from Figure 5.8.  
 
Figure 5.8: Colour change boundary (ccb) for OPC M(0.45) in function of the 
immersion time, for different test solutions. The error bars indicate the standard 
deviation and the data are fitted based on a quadratic function. 
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Based on Figure 5.8, it is possible to find some trends based on a quadratic 
relation for ccb in function of immersion time. The change in colour change 
boundary in function of immersion time for OPC M(0.45) immersed in Comb. 2 
is rather slow compared to the ccb increase in function of immersion time for 
specimens immersed in Ref. 1. Looking at the influence of MgSO4 in Comb. 5, 
it seems that the ccb increase trend is opposite to the ccb increase trend in 
Ref. 1. At immersion periods smaller than 22 weeks, the ccb increases fast when 
OPC M(0.45) is immersed in Ref. 1 and rather slow when it is immersed in 
Comb. 5, while the opposite is found for immersion periods between 22 and 35 
weeks. In the end, after 35 weeks immersion, the ccb after immersion in Ref.1 is 
statistically equal to the ccb after immersion in Comb. 5 and both are 
statistically higher than the ccb obtained after immersion in Comb. 2.  
Chloride profiles and chloride diffusion coefficients  
In order to clarify the time dependency of the influence of Na2SO4 or MgSO4 on 
Cl- diffusion, chloride profiles were measured for OPC M (0.45) after 14, 28 and 
37 weeks immersion in Ref. 1, Comb. 2 and Comb. 5 (cf. Table 5.1). The results 
are shown in Figure 5.9 and measured as well as fitted profiles are given. 
Based on Figure 5.9 it can be seen that the measured total Cl- profiles shift 
upwards in function of the immersion time. However, looking at the measured 
concentrations in the first layers after immersion in Ref. 1 and Comb. 2, it seems 
that they do not differ significantly. In fact the profiles measured after 
immersion in those particular solutions become less steep in function of the 
time. Contrarily, total Cl- profiles measured after immersion in Comb. 5 indicate 
an increased Cl- concentration in every layer. This means that not only the Cl- 
concentration in the inner layers increases significantly in function of time but 
also in the surface layers. 
 
 
 
 
 
 
                                                           Influence of sulphates on chloride attack 
121 
 
 
  
Figure 5.9: Measured (left) and fitted (right) total Cl- profiles for OPC M (0.45) 
immersed for 14, 28 and 37 weeks in Ref. 1, Comb. 2 and Comb. 5.  
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To make the influence of time dependent Cl- penetration in function of the SO42- 
dilution more clear, the fitted profiles are plotted in function of the test solution 
at different immersion times in Figure 5.10. 
  
  
Figure 5.10: Fitted total chloride profiles for OPC M(0.45) in function of the test 
solutions Ref. 1, Comb. 2 and Comb. 5 after immersion for 7, 14, 28 and 37 weeks.  
Based on the results visualised in Figure 5.10 it becomes clear that the time 
dependency of Cl- diffusion of OPC in combined solutions is also dependent of 
the sulphate associating cation. After 14 weeks, the addition of SO42- causes a 
decrease in total Cl- concentrations in OPC M(0.45) specimens compared to the 
Cl- profile after immersion in 165 g/l NaCl, regardless the cation. This trend is 
also found after 28 and 37 weeks of immersion when 50 g/l Na2SO4 is added. 
Moreover, also the shape of the profiles clearly changes. They become steeper 
which implies an increasing Cl- diffusion coefficients. Contrarily, addition of 
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28 weeks of immersion and higher chloride concentrations in the first layers 
after 37 weeks of immersion. The first layers are the layers at depths smaller 
than 8-10 mm.  
Next, Table 5.5 gives an overview of the diffusion coefficients calculated by 
means of Eq. 5.7 and the Cl- profiles shown in Figure 5.9 and Figure 5.10. 
It should be noted that the values for the diffusion coefficient after 37 weeks 
immersion in the test solutions are optimised. This means that the chloride 
profiles are extrapolated until the chloride content is constant in function of the 
layer depth. By considering the chloride profiles in the range 20 mm, diffusion 
coefficients are overestimated. Nevertheless, the overestimated values are also 
shown in Table 5.5 to clarify the need for optimisation in this case. 
Table 5.5: Chloride diffusion coefficients for OPC M(0.45) after immersion in Ref. 1, 
Comb. 2 or Comb. 5 for 7, 14, 28 and 37 weeks. 
 Dnssd (10
-12 m²/s) 
 7 weeks 14 weeks 28 weeks 37 weeks 37 weeks * 
Ref. 1 
7.121 
± 0.88 
4.757  
± 0.30 
3.977  
± 0.46 
7.025  
± 0.16 
4.706  
± 0.04 
Comb. 2 
7.553 
± 0.53 
4.444  
± 0.08 
3.840  
± 0.70 
8.082  
± 0.39 
5.334  
± 0.11 
Comb. 5 
5.185 
± 0.72 
3.207  
± 0.28 
4.491  
± 0.84 
4.031  
± 0.29 
3.607  
± 0.18 
* Profiles optimised after 37 weeks immersion. 
In general, the chloride diffusion coefficients tabulated in Table 5.5 decrease in 
function of the immersion time. However, only the decrease between 7 and 
14 weeks immersion is statistically different.The diffusion coefficient is not 
statistically different when the immersion period increases from 14 to 37 weeks.  
To complete, the surface concentrations obtained by fitting Eq. 5.7 to the 
measured chloride profiles are tabulated Table 5.6.  
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Table 5.6: Surface concentrations for OPC M(0.45) after immersion in Ref. 1, Comb. 2 
or Comb. 5 for 7, 14, 28 and 37 weeks. 
 Cs (wt. % binder) 
 7 weeks 14 weeks 28 weeks 37 weeks 37 weeks * 
Ref. 1 
3.879 
 ± 0.15 
5.688  
± 0.29 
5.866  
± 0.06 
6.021  
± 0.54 
6.489  
± 0.62 
Comb. 2 
3.993  
± 0.22 
4.296  
± 0.31 
4.516  
± 0.17 
4.774  
± 0.07 
5.219  
± 0.10 
Comb. 5 
4.038  
± 0.37 
4.665  
± 0.26 
5.790  
± 0.41 
7.423  
± 0.06 
7.648  
± 0.02 
* Profiles optimised after 37 weeks immersion. 
As expected, the total chloride surface concentrations increase in function of the 
immersion time. This is in accordance with previous results. Nevertheless, this 
increase is not statistically significant in between the time intervals, except 
between 28 and 37 weeks immersion in combined solutions. Overall an increase 
in immersion time from 7 to 37 weeks, results in a significant increase in surface 
concentration, regardless the test solution.  
Chloride binding isotherms 
The results concerning chloride binding after 14 weeks and after 37 weeks, in 
combined solutions with Na2SO4 or MgSO4 at different temperatures, are given 
in Figure 5.11. 
The chloride binding isotherms in Figure 5.11 indicate a different binding 
behaviour when the specimens are immersed for 37 weeks compared to 
14 weeks. On the one hand, after 14 weeks immersion, binding is slightly lower 
when the specimens are exposed to combined solutions compared to exposure to 
Ref. 1. On the other hand, 37 weeks immersion in Comb. 5, results in higher 
chloride binding and immersion in Comb. 2 results in lower binding. These 
findings for chloride binding after 14 and 37 weeks immersion are proportional 
to the trends found based on chloride profiles.  
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Figure 5.11: Freundlich chloride binding isotherms for OPC stored in solutions Ref. 1, 
Comb. 1 and Comb. 2 at 20 ± 2.0 °C for 14 and 37 weeks. 
5.3.3. Temperature 
It is well-known that the temperature has an influence on the diffusion of 
chloride ions. However, it is not clear which influence a change in temperature 
has on chloride diffusion in environments where combined chloride and sulphate 
attack mechanisms occur. To investigate the influence of temperatures higher or 
lower than room temperature, the test solutions were stored at 5 ± 0.4 °C, 
20 ± 2.0 °C or 35 ± 0.6 °C. 
Colour change boundary 
The influence of the storage temperature on the ccb is shown in Figure 5.12. 
Chloride penetration depths for OPC M(0.45) specimens were measured after 
storage for 14 weeks in solutions Ref. 1, Comb. 2 or Comb. 5 (see Table 5.1).  
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Figure 5.12: Colour change boundary (ccb) in function of the test solution after 
14 weeks immersion at different storage temperatures. 
Firstly, it can be seen that the ccb of OPC M(0.45) after immersion in the Ref. 1 
solution is more influenced than after immersion in Comb. 2 and Comb. 5. For 
the Portland cement mixtures, every increase of 15 ° C in Ref. 1 results in a 
significant increase in ccb. In addition, after immersion of OPC in Comb. 2, no 
significant differences were found between the ccb. At last, immersion in 
Comb. 5 with increasing temperature from 5 °C to 20°C does not lead to a 
significant increase of the ccb. Notwithstanding, a temperature increase from 
20°C to 35 °C results in a significantly higher ccb.  
An interesting observation is that the influence of the temperature on the ccb 
becomes less clear for OPC M(0.45) when sulphates are added to the chloride 
solution. The ccb for specimens exposed to Ref. 1 clearly increases when the 
temperature increases. For immersion in Comb. 2 and Comb. 5 this trend is not 
as clear anymore.  
Chloride profiles and chloride diffusion coefficients  
The influence of the temperature is investigated by means of chloride profiles as 
well. 
Figure 5.13 gives an overview of the measured total chloride profiles obtained 
for OPC M (0.45) after 14 weeks immersion in different test solutions, namely 
Ref. 1, Comb. 2 and Comb. 5 (cf. Table 5.1), at different storage temperatures. 
The test temperatures amounted to 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. 
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Figure 5.13: Measured total chloride profiles for OPC M(0.45) after immersion in 
solutions Ref. 1, Comb. 2 and Comb. 5 for 14 weeks at different temperatures. 
Based on the measured total chloride profiles, it is not very clear how chloride 
penetration is influenced by temperature changes. Although, storage at a 
temperature of 5 ± 0.4 °C results in lower chloride concentrations at every depth 
compared to the chloride concentrations measured in specimens stored at 20 ± 
2.0 °C, regardless the composition of the host solution. Concerning higher 
temperatures, particularly 35 ± 0.6 °C, it seems that the total chloride 
concentrations in the surface layers (< 8-10 mm) are lower than or equal to the 
chloride concentration measured after storage at 20 ± 2.0 °C, regardless the 
storage solution. However, the chloride profiles measured after storage at 35 ± 
0.6 °C are less steep than profiles measured after storage at lower temperatures 
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which results in higher Cl- concentrations deeper into the specimens 
(> 8-10 mm). So, this could imply a higher chloride penetration, which was 
already observed in the ccb results.  
To clarify the aforementioned observations, the fitted total chloride profiles are 
given in Figure 5.14.  
 
 
Figure 5.14: Fitted total chloride profiles for OPC M(0.45) after immersion in solutions 
Ref. 1, Comb. 2 and Comb. 5 for 14 weeks at different temperatures.  
From Figure 5.14, the trends concerning the influence of the temperature on Cl- 
concentrations in function of the depth become more clear and confirm the 
former findings. Lowering temperatures from 20 ± 2.0 °C to 5 ± 0.4 °C result in 
lower Cl- concentrations, regardless the composition of the storage solution. 
Increasing temperatures from 20 ± 2.0 °C to 35 ± 0.6 °C also leads to lower Cl- 
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
OPC - Ref. 1
5 °C 20 °C 35 °C
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
OPC - Comb. 2
5 °C 20 °C 35 °C
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
OPC-Comb. 5
5 °C 20 °C 35 °C
                                                           Influence of sulphates on chloride attack 
129 
concentrations at the surface layers, however, the profiles are less steep. 
Consequently, Cl- penetrates deeper into the OPC M(0.45) specimens at 
35 ± 0.6 °C, regardless the SO42- dilution of the Cl- solution. 
Based on the chloride profiles, chloride diffusion coefficients are calculated. 
Table 5.7 gives an overview of the diffusion coefficients calculated by means of 
Eq. 5.7 and the chloride profiles shown in Figure 5.13. 
Table 5.7: Chloride diffusion coefficients for OPC M(0.45) after immersion in Ref. 1, 
Comb. 2 or Comb. 5 at different temperatures, namely 5 ± 0.4 °C, 20 ± 2.0 °C or 
35 ± 0.6 °C. 
 Dnssd (10
-12 m²/s) 
 5 °C 20 °C 35 °C 
Ref. 1 3.196 ± 0.19 4.757 ± 0.30 6.531 ± 0.67 
Comb. 2 3.698 ± 0.78 4.444 ± 0.08 7.450 ± 0.36 
Comb. 5 1.948 ± 0.21 3.207 ± 0.28 4.890 ± 0.71 
The data tabulated in Table 5.7 clearly show the influence of increasing 
temperatures. Regardless the test solution, chloride diffusion coefficients 
increase when the temperatures increase. This relation is quite constant, when 
the temperature increases with 15 °C, the diffusion coefficient increases by 
factor 1.4 to 1.7. One exception in this case is the increase in chloride diffusion 
when the cementitious material is exposed to Comb. 2 if the temperature 
increases from 5 °C to 20 °C. In that case the diffusion coefficient increases with 
a factor 1.2. Furthermore, statistical analyses proves that an increase in 
temperature of 15 °C leads to a significant increase of the chloride diffusion 
coefficient. Again one exception, namely the increase from 5 °C to 20 °C when 
stored in Comb. 2: the average value increases, however, statistically the 
temperature increase does not lead to a significant higher Dnssd. 
Based on the chloride diffusion coefficients, it becomes also clear that although 
the chloride profiles obtained after immersion in solutions stored at 35 ± 0.6 °C 
show lower Cl- concentrations in the first layers compared to chloride profiles 
obtained after immersion in solutions at lower storage temperatures, the 
diffusion coefficients are all significantly higher. This can be attributed to the 
less steep profiles.  
Regarding the influence of the presence of SO42- in the chloride solutions, it 
seems that the chloride diffusion coefficients calculated for specimens exposed 
to Comb. 2 are higher than those calculated for specimens exposed to Comb. 5. 
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Compared to the chloride diffusion coefficients obtained after exposure to Ref. 1 
they are mostly higher for Comb. 2 except for 20 °C, however they are not 
significantly different. In addition, the chloride diffusion is significantly lower 
after storage in Comb. 5. These trends are independent of the environmental 
temperature. 
Table 5.8 gives an overview of the total chloride surface concentrations obtained 
by fitting Eq. 5.7 to the measured total chloride profiles. 
Table 5.8: Surface concentrations for OPC M(0.45) after immersion in Ref. 1, Ref. 2, 
Comb. 2 or Comb. 5 at different temperatures, namely 5 ± 0.4 °C, 20 ± 2.0 °C or 
35 ± 0.6 °C. 
 Cs (wt.% binder) 
 5 °C 20 °C 35 °C 
Ref. 1 4.116 ± 0.23 5.688 ± 0.29 4.456 ± 0.50 
Comb. 2 4.012 ± 0.08 4.296 ± 0.31 3.545 ± 0.21 
Comb. 5 4.455 ± 0.61 4.665 ± 0.26 3.984 ± 0.62 
From Table 5.6 it can be seen that the chloride surface concentration is not 
clearly influenced by the environmental temperature, however, the highest 
concentrations are measured at 20 °C. Based on the statistical analyses, no 
significant differences were measured.  
Chloride binding isotherms 
The influence of the storage temperature on chloride binding for OPC M(0.45) 
exposed to Cl- solution Ref. 1 at  5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C are 
calculated and shown in Figure 5.15. 
 
Figure 5.15: Freundlich chloride binding isotherms for OPC M (0.45) after storage in 
the Ref. 1 solutions at 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. 
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From Figure 5.15 it seems that chloride binding changes in function of 
temperature. For storage of OPC specimens in a pure NaCl solution, a 
temperature drop from 20 ± 2.0 °C to 5 ± 0.4 °C does not result in a clear change 
in chloride binding. Only at low free Cl- concentrations, binding decreases a 
little bit. On the other hand, a temperature increase from 20 ± 2.0 °C to 
35 ± 0.6 °C leads to an increase in chloride binding when exposed to pure NaCl 
solutions.  
In addition, the influence of the storage temperature on binding isotherms for 
OPC M(0.45) exposed to combined solutions Comb. 2 and Comb. 5 (cf. Table 
5.1) at  5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C is shown in Figure 5.16. 
 
Figure 5.16: Freundlich chloride binding isotherms for OPC M (0.45) after storage in 
test solutions Comb. 2 and Comb. 5 at 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. 
The results concerning binding behaviour of OPC M(0.45) after storage in 
combined chloride + sulphate solutions is different than those after storage in the 
reference solutions, as can be seen in Figure 5.16. Immersion in combined 
solutions, regardless the associating cation, at a temperature higher or lower than 
20 °C results in a decrease in chloride binding. Nevertheless, the chloride 
binding after storage in Comb. 2 at 35 °C is lower than at 20 °C, it is still higher 
than after storage at 5°C. This is not the case after storage in Comb. 5, where 
storage at 5 ± 0.4 °C or at 35 ± 0.6 °C results in the same binding behaviour. 
Figure 5.17 gives the graphs for the Freundlich binding isotherms comparing the 
influence of the host solution during the immersion period of 14 weeks at 
different temperatures. 
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Figure 5.17: Freundlich chloride binding isotherms for OPC M (0.45) after immersion in 
solutions Ref. 1, Comb. 2 and Comb. 5. The test solutions were stored at 5 ± 0.4 °C, 
20 ± 2.0 °C or 35 ± 0.6 °C. 
It also becomes clear from Figure 5.17 that addition of SO42- to a chloride 
solution causes a decrease in chloride binding, regardless the associated cation 
and regardless the environmental temperature. Nevertheless, there is an 
influence of the storage temperature on the binding behaviour of OPC in 
different storage solutions.  At 5 ± 0.4 °C specimens immersed in Comb. 2 show 
the lowest chloride binding. At 20 ± 2.0 °C specimens show rather equal binding 
behaviour regardless the cation associating SO42-. Although, binding at 
20 ± 2.0 °C decrease when sulphates are present, it is not that much in 
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comparison with binding of OPC immersed in the reference solutions. At last, 
chloride binding of OPC immersed in Comb. 2 and Comb. 5 at 35 ± 0.6 °C is 
similar to each other and it is significantly lower than chloride binding after 
storage in the reference solutions. 
5.3.4. Binder type and sulphate concentration 
According to the literature and previous research of the author [Maes et al., 
2013], it is clear that the binder type has an influence on the chloride penetration 
in cementitious materials. In this part, the influence of HSR and BFS is 
investigated as well.  
In addition, the influence of the sulphate concentration added to the reference 
chloride solutions is investigated by performing tests using a SO42- / Cl- ratio 
which is equal to the ratios found in marine environments in Western Europe on 
the one hand, and a ratio which is almost double as high on the other hand. 
These ratios are 0.186 and 0.338, respectively. 
Colour change boundary - Binder type 
Figure 5.18 shows the average chloride penetration depth for different mortar 
mixtures with W/B ratios of 0.45, after 14 weeks immersion at 20 ± 2 °C in the 
test solutions Ref. 1, Comb. 2 and Comb. 5 (see Table 5.1).  
 
Figure 5.18: Colour change boundary (ccb) for different mortar mixtures after 14 weeks 
immersion in function of the test solution. The error bars indicate the standard deviation. 
The results in Figure 5.18 indicate that the general trends, concerning the 
influence of the host solution, are independent of the binder type. For 
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OPC M(0.45) as well as HSR M(0.45) and S50 M(0.45), addition of 
50 g/l Na2SO4 to a 165 g/l NaCl solution (Comb. 2) results in a slightly 
increased average ccb, however, the increase is not statistically significant as it 
is for S70 M(0.45). Contrarily, when 42.5 g/l MgSO4 is added to a 165 g/l NaCl 
solution (Comb. 5) the average ccb slightly decreases regardless the binder type. 
Here, the decrease is significant for OPC M(0.45) and HSR M(0.45). 
In general, the reciprocal relations between the chloride penetration depths in the 
different mortars stay quite equal. In addition, it can be seen that the highest 
chloride penetration depths are found for HSR M(0.45) and the lowest for 
S70 M(0.45). For OPC M(0.45) and S50 M(0.45) similar chloride penetration 
depths were measured.  
Furthermore, replacement of OPC by HSR or partial replacement by BFS is 
investigated at different temperatures. HSR M(0.45) and S50 M(0.45) are tested 
in Ref. 1, Comb.2 and Comb.5 stored for 14 weeks at 5 ± 0.4 °C, 20 ± 2.0 °C or 
35 ± 0.6 °C. 
 
Figure 5.19: Colour change boundary (ccb) for S50 M(0.45) and HSR M(0.45) after 14 
weeks immersion in different the test solutions at 5 ± 0.4 °C, 20 ± 2.0 °C or 35 ± 0.6 °C. 
Firstly, it can be seen that the ccb of HSR  M(0.45) is more influenced by 
temperature changes than the ccb of S50  M(0.45), especially after immersion in 
the Ref. 1 solution. For HSR M(0.45), every increase of 15 ° C results in a 
significant increase in ccb (similar trend as for OPC M(0.45)). For the latter 
mortar mixture, no significant differences were measured between the 
penetration depths after immersion at different temperatures, regardless the 
composition of the host solution. It is also clear that for HSR as well as for S50, 
the general trend of the effect of sulphates on chloride penetration does not 
change and the ccb is linear proportional with the temperature. 
10
15
20
25
30
Ref. 1 Comb. 2 Comb. 5
C
cb
 [
m
m
]
S50
5°C 20°C 35°C
10
15
20
25
30
Ref. 1 Comb. 2 Comb. 5
C
cb
 [
m
m
]
HSR
5°C 20°C 35C
                                                           Influence of sulphates on chloride attack 
135 
Colour change boundary – Sulphate concentration 
Figure 5.20 shows the average ccb for mortar mixtures OPC M(0.45), 
HSR M(0.45), S50 M(0.45) and S70 M(0.45), after 7 and 14 weeks immersion 
in the test solutions Ref. 1, Comb. 1 and Comb. 2 (see Table 5.1).  
  
Figure 5.20: Colour change boundary for mortar mixtures, after 7 and 14 weeks 
immersion in NaCl solutions with increasing sodium sulphate content. The error bars 
represent the standard deviations. 
When concrete/mortar is tested with different binder types in combined 
solutions containing NaCl and Na2SO4, it seems that average ccb increases for 
OPC, S50 and even S70, when Na2SO4 is added. On the other hand, the average 
ccb decreases for HSR concrete.  
From Figure 5.20 it can be seen that the penetration depth in HSR specimens 
immersed for 7 and 14 weeks decreases significantly when the Na2SO4 content 
in the 165 g/l NaCl solution increases from 0 g/l (Ref. 1) to 50 g/l (Comb. 2). 
The increase from 0 g/l to 27.5 g/l (Comb. 1) has no statistically significant 
influence on the ccb. In addition, the ccb increase for OPC and BFS specimens 
is significant for both mixtures, regardless the immersion time. After an 
immersion period of 7 weeks it seems that OPC concrete has the worst 
resistance against chlorides when 50 g/l Na2SO4 is present in the combined 
solution. Notwithstanding, after an immersion period of 14 weeks it is clear that 
HSR concrete has the lowest resistance against chlorides, regardless the SO42- 
content. 
Concerning the influence of increasing the magnesium sulphate concentration 
added to a 165 g/l NaCl solution, it seems that the effect on chloride penetration 
is linear. Although based on 7 and 14 weeks immersion periods the ccb 
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differences are not statistically significant. The ccb results are shown in Figure 
5.21. 
 
Figure 5.21: Colour change boundary for OPC M(0.45), after 7 and 14 weeks immersion 
in NaCl solutions with increasing magnesium sulphate content. The error bars represent 
the standard deviations. 
Chloride profiles and chloride diffusion coefficients  
First, the influence of Na2SO4 on Cl- penetration is investigated. Figure 5.22 
gives the measured and fitted total chloride profiles for Portland cement mortar 
mixtures OPC M(0.45) and HSR M(0.45) after 7 weeks immersion in solutions 
Ref. 1, Comb. 1 and Comb. 2 (cf. Table 5.1). The Na2SO4 concentration in these 
NaCl solutions increases from 0 g/l to 27.5 g/l and 50 g/l. 
As can be seen in Figure 5.22, chloride penetration in HSR specimens clearly 
increases when the sodium sulphate content increases. Concerning OPC 
specimens, the influence of adding sulphate by means of sodium sulphate is 
limited or negligible. Nevertheless this influence is limited to the surface layers. 
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Figure 5.22: Measured chloride profiles (left) and fitted chloride profiles (right) for OPC 
and HSR M(0.45) after 7 weeks immersion in Ref. 1, Comb. 1 and Comb. 2. 
Figure 5.23 shows the measured and fitted total chloride profiles for S50 and 
S70 after 7 weeks immersion in the solutions Ref. 1, Comb. 1 and Comb. 2 (cf. 
Table 5.1). The Na2SO4 concentration in these NaCl solutions increases from 0 
g/l to 27.5 g/l and 50 g/l. 
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
OPC
Ref. 1 Comb. 1 Comb. 2
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
OPC
Ref. 1 Comb. 1 Comb. 2
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
HSR
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
HSR
Chapter 5                                                                                     
138 
 
 
Figure 5.23: Measured chloride profiles (left) and fitted chloride profiles (right) for S50 
and S70 M(0.45) after 7 weeks immersion in Ref. 1, Comb. 1 and Comb. 2. 
As can be seen in the chloride profiles, Cl- concentrations in BFS mortar do not 
follow a clear trend when the Na2SO4 content increases. The concentration 
differences are very small. For example, concerning S70 specimens, the 
influence of adding SO42- by means of 27.5 g/l Na2SO4 to a 165 g/l NaCl 
solution results in an small increase in Cl- concentration while adding 50 g/l 
Na2SO4 to a 165 g/l NaCl solutions results in a small decrease in Cl- content.  
With regard to the influence of the MgSO4 concentration, only OPC M(0.45) 
specimens were tested, as can be seen in Figure 5.24. 
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Figure 5.24: Measured (left) and fitted chloride profiles (right) for OPC M(0.45) after 7 
weeks immersion in Ref. 1, Comb. 4 and Comb. 5. 
Slightly lower chloride concentrations per layer depth are measured for 
increasing magnesium sulphate contents added to a 165 g/l NaCl solution when 
chloride profiles are obtained after 7 weeks immersion at 20 °C. 
Table 5.9 gives an overview of the Cl- diffusion coefficients calculated by 
means of Eq. 5.7 and the chloride profiles shown in Figure 5.22, Figure 5.23 and 
Figure 5.24. 
Table 5.9: Non-steady state diffusion coefficients for OPC, HSR, S50 and S70 
specimens immersed for 7 weeks in different test solutions. 
 Dnssd (10
-12 m²/s) 
 OPC HSR S50 S70 
Ref. 1 7.121 ± 0.88 9.334 ± 0.33 3.170 ± 0.36 2.801 ± 0.47 
Comb. 1 6.493 ± 0.53 8.852 ± 0.29 4.531 ± 0.50 3.102 ± 0.33 
Comb. 2 7.553 ± 0.14 8.785 ± 0.09 5.408 ± 0.34 2.944 ± 0.21 
Comb. 4 5.764 ± 0.68    
Comb. 5 5.185 ± 0.72    
From Table 5.9 it seems that increasing SO42- concentrations up to 33.8 g/l lead 
to increasing Cl- diffusion coefficients for OPC and BFS when sodium sulphate 
is added. However, this trend is not confirmed for OPC when 18.6 g/l SO42- is 
added by means of sodium sulphate. Moreover, the differences between the 
OPC and S70 chloride diffusion coefficients after storage in combined chloride 
and sodium sulphate solutions are not statistically significant. So, no clear trends 
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are found in function of the sodium sulphate content added to a chloride 
solution. On the other hand, in case of added magnesium sulphate the chloride 
diffusion coefficients clearly follow a decreasing trend.  
In addition, the Cl- diffusion coefficient of HSR is almost not influenced by the 
SO42- concentration of the aqueous salt solutions. At high SO42- concentrations, 
this results in similar or even lower chloride diffusion coefficients for OPC as 
for HSR. 
Besides, the total chloride surface concentrations are given in Table 5.10. 
Concerning the surface concentrations, no clear trends are observed. The 
calculated values are all in the same order of magnitude per mortar composition. 
Between the Portland cement and BFS compositions, higher surface 
concentrations are found when BFS is added as cement replacement. 
Table 5.10: Surface concentrations for OPC, HSR, S50 and S70 specimens immersed for 
7 weeks in different test solutions. 
 Cs (wt.% binder) 
 OPC HSR S50 S70 
Ref. 1 4.075 ± 0.15 3.450 ± 0.30 5.106 ± 0.45 5.328 ± 0.36 
Comb. 1 4.181 ± 0.43 3.809 ± 0.72 4.956 ± 0.60 6.494 ± 0.32 
Comb. 2 3.993 ± 0.22 4.032 ± 0.12 5.408 ± 0.34 4.805 ± 0.36 
Comb. 4 3.820 ± 0.29    
Comb. 5 4.038 ± 0.37    
 
Chloride binding isotherms 
Figure 5.25 gives an overview of the binding behaviour of mixtures with 
different Portland cements and for mixtures with BFS stored for 7 weeks in a 
165g/l NaCl reference solution on the one hand and in combined chloride 
sulphate solutions with increasing Na2SO4 concentrations on the other hand. The 
graphs represent Freundlich binding isotherms (Eq. 5.9) calculated based on the 
total and free chloride profiles. 
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Figure 5.25: Freundlich chloride binding isotherms for OPC, HSR, S50 and S70 stored 
in solutions Ref. 1, Comb. 1 and Comb. 2 at 20 ± 2.0 °C. 
In general, the results concerning chloride binding are inversely proportional to 
the results based on chloride profiles and chloride diffusion coefficients. An 
increasing sodium sulphate concentration in the sodium chloride solution leads 
to decreasing chloride binding while this leads to an increase in chloride 
concentration and chloride diffusion coefficient. For The OPC, S50 and S70 this 
trend is clear. In addition, the results for HSR show no changes in binding 
behaviour. So, according to the binding isotherms, binding of HSR is not 
influenced by the sulphate content of the solution.  
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5.3.5. CTH following immersion in sulphate solutions 
In this part of the research, the influence of sulphates on chloride penetration is 
investigated by means of immersion in sulphate solutions followed by rapid 
chloride migration tests. 
Firstly, the samples were prepared and cured as described in Part 5.2. At the age 
of 28 days or 1 year, the specimens were saturated and immersed in the sulphate 
solutions or in the reference solution which consisted of distilled water. The 
sulphate solutions contained 50 g/l Na2SO4 on the one hand or 50 g/l MgSO4 on 
the other hand. After 7, 14, 28, 42 and 64 weeks of immersion, 3 specimens 
were exposed to a chloride solution, by means of the CTH test as described in 
Part 5.2.1. The CTH test is performed at a constant voltage and test duration, 
30 V and 8 hours respectively, in order to measure and compare the chloride 
penetration depths. The reference samples were stored under the same 
conditions as during the curing period until the age of testing. In this test series 
the combined attack mechanism on itself is not investigated, however, the 
influence of the consequences of the sulphate attack mechanism on the 
penetration of chlorides will become more clear. 
Figure 5.26 shows the ccb measured by means of the colour change boundaries 
(ccb) after CTH tests performed after immersion in sulphate solutions of 
specimens with an age of 28 days at the start of immersion. 
 
Figure 5.26: Colour change boundary for OPC and S50 C(0.45) after CTH test with a 
voltage of 30 V and a test duration of 8 hours. Before CTH testing, specimens were 
immersed in Na2SO4 (Na), MgSO4 (Mg) or water (Ref). The immersion period started at 
28 days.  
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The results after storage in the reference solution represent the curing effect of 
the concrete. This effect results in a decrease in chloride migration due to 
decreasing porosity. The results for OPC specimens immersed in sulphate 
solutions during different immersion times show similar results after CTH as the 
reference samples. This is true for short sulphate immersion periods 
(< 21 weeks) which indicates that the presence of sulphates does not influence 
the curing effect. After 42 weeks of sulphate immersion and a CTH test it seems 
that the average vales for the ccb increase compared to the ccb values obtained 
for the reference specimens. Although, these values are not significantly 
different, except for the values after immersion in MgSO4 and the reference 
samples. Nevertheless, after 64 weeks all the average ccb results are quite equal 
again.  
Similar trends are observed for S50 samples, but less pronounced. Especially 
storage in Na2SO4 seems to have no clear influence on the results of the ccb 
after CTH compared to storage in normal conditions. Storage of S50 in MgSO4 
followed by CTH gives the same trend as for the OPC specimens in the same 
conditions. However, the results are also not significantly different. 
Figure 5.27 shows the chloride penetration depths by means of the colour 
change boundaries (ccb) for CTH tests performed after immersion in sulphate 
solutions of specimens with an age of 1 year at the start of the test. 
 
Figure 5.27: Colour change boundary for OPC and S50 C(0.45) after CTH test with a 
voltage of 30 V and a test duration of 8 hours. Before CTH testing, specimens were 
immersed in Na2SO4 (Na), MgSO4 (Mg) or water (Ref). The immersion started at 1 year.  
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It is clear from the specimens exposed to the reference solution at the age of 
1 year, that the curing effect is less than when exposed at 28 days. Moreover, the 
ccb obtained after 55 weeks storage of 28 days old samples is equal to the ccb 
after 7 weeks exposure of 1 year old samples (stored for 1 year at a R.H. of 
95 %) 
The chloride penetration results for OPC specimens immersed at the age of 
1 year show similar trends as the results for specimens which were immersed at 
the age of 28 days, except after 64 weeks of immersion. It seems that the 
chloride resistance of older specimens is more negatively influenced by MgSO4 
immersion before testing by means of CTH. Also immersion in Na2SO4 for 
longer periods seems to have a negative influence on the resistance against 
chloride penetration, however, it is not yet significantly different from the 
reference samples. So immersion of OPC in sulphate solutions for less than 
28 weeks has no significant influence on the ccb obtained by means of CTH, 
compared to storage under normal curing conditions. Immersion longer than 
28 weeks has a negative influence. The resistance against chloride penetration 
decreases since the values for the ccb increase, while the ccb values after storage 
under normal conditions keep decreasing. This finding is in accordance with 
Zuquan et al. [2007], they say that when the concrete cover is damaged by 
sulphate attack chloride ions will rapidly access to the mass of the 
mortar/concrete. They attribute the attack of sulphates on concrete to two 
principal reactions: the reaction of Na2SO4 and Ca(OH)2 to form gypsum and the 
reaction of the formed gypsum with calcium aluminate hydrates to form 
ettringite. In addition, it is noticed that MgSO4 reacts with all cement 
compounds, including CSH, thus decomposing cement, and subsequently 
forming gypsum and ettringite. 
In the case that BFS is used as partial replacement of the OPC, namely in 
mixture S50, the negative influence of 64 weeks MgSO4 immersion on 
resistance against chloride penetration is even more clear. This can be attributed 
to the breaking down of the protecting layers formed by brucite. 
In general, the resistance against chloride penetration increases in function of 
curing time for OPC as well as for S50.  However, the decrease in ccb is more 
pronounced for younger specimens. In addition, S50 clearly shows the lowest 
chloride penetrations. Nevertheless, this positive effect of BFS as cement 
replacement seems to disappear when the specimens have been immersed in 
MgSO4. The ccb measured for 1 year old S50 after 64 weeks immersion in 
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50 g/l MgSO4 and testing by means of CTH equals the ccb measured for 28 days 
old OPC after 8 weeks storage in normal conditions which is the most negative 
situation concerning the resistance against chloride penetration if tested by 
means of CTH. 
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5.5. Discussion 
Firstly, the influence of sodium sulphate on chloride attack is discussed and 
secondly the influence of magnesium sulphate.  
5.5.1. Influence of sodium sulphate  
Concerning the results about the influence of sodium sulphate on chloride 
penetration in concrete/mortar, the main trends obtained by the colorimetrically 
determined chloride penetration depths are in accordance with the main trends 
from the chloride profiles. Based on the results, it seems that the effect is time-
dependent. 
At early exposure periods, more specifically less than 14 weeks, a slightly 
higher chloride penetration and chloride diffusion coefficient is observed when 
sulphates are added to the NaCl solution, especially when the sulphate content 
amounts to 50 g/l Na2SO4. These results confirm the findings of Al-Amoudi et 
al. (1994). They found that the concentration of chlorides in the pore solution 
increases when sulphates are concomitantly present with chlorides. This finding 
can easily be explained by the fact that a part of the C3A will preferentially bind 
with sulphates. Another factor enhancing the chloride diffusion, and as a 
consequence the chloride penetration depth, is the increase in alkalinity of the 
pore solution due to the addition of sodium sulphate, which inhibits chloride 
binding (Martin-Marquez, 2009, Snelling, 2012). Chloride binding isotherms 
obtained in this research show reduced chloride binding in samples exposed to 
the combined solution compared to those exposed to the single solution. 
However, at later exposure periods, more than 14 weeks immersion, lower 
chloride penetration and lower diffusion coefficients are observed compared to 
immersion in a single sodium chloride solution. The latter finding is in contrast 
with the general assumption made in most of the literature, namely an increase 
in chloride penetration when sulphates are present. However, it is in accordance 
with the findings of Zuquan et al. (2007) and Tumdajski et al. (1996) who also 
found a decrease in chloride ingress from chlorides originating from a combined 
solution compared to chloride ingress from a single chloride solution. Zuquan et 
al. (2007) concluded that the presence of sulphates reduces the chloride 
diffusion coefficient and the chloride concentration by 30 % to 60 % at exposure 
periods between 90 days and 400 days. They also attribute this to gradual 
formation of ettringite which leads to a densification of the microstructure and 
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decreases the ingress of chlorides. Furthermore, Zuquan et al. (2007) found 
again increasing chloride penetration and diffusion at longer exposure periods, 
in their case exposure periods of more than 400 days. In this research chloride 
diffusion was only limited to 37 weeks exposure (259 days) (what means that 
very long exposure is not investigated). This probably last stage of the process 
can be attributed to cracking due to expansive reactions of sulphate reaction 
products inducing faster chloride diffusion. Based on the slightly increased 
diffusion coefficient obtained after 37 weeks immersion compared to shorter 
immersion periods, this observation of Zuquan et al. (2007) could be confirmed, 
however, no significant increase in chloride penetration was measured yet. 
However, concrete samples visually inspected after 18 months exposure to 
combined solutions showed some cracking at the surface, see Figure 5.28, which 
confirms this assumption.  
Also the fact that at longer immersion periods Friedel’s salt will convert to 
ettringite when sodium sulphate is present (Brown and Badger, 2000, Xu et al., 
2013) can lead to an increase in free chlorides (and a higher chloride diffusion 
coefficient). 
     
Figure 5.28: Visual inspection of OPC C(0.45) specimens exposed to a NaCl + Na2SO4 
solution for 18 months with indication of small cracks due to expansion. 
Based on these findings coming from the experimental observations with 
increased chloride concentrations and literature, it can be stated that the time-
dependent effect of sodium sulphate on chloride diffusion during continuous 
immersion consists of at least three characteristic periods. Compared to the 
chloride diffusion when exposed to a single chloride solution at the same 
exposure periods, these stages can be characterised as follows:  
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(1) Limited increase in chloride diffusion at very early exposure periods, 
less than 98 days;  
(2) Significant decrease in chloride diffusion at exposure periods between 98 
and 400 days;  
(3) Increased chloride diffusion for exposure periods longer than 400 days. 
 In addition, XRD analyses were performed on cement paste samples immersed 
for 180 days in a single 165 g/l NaCl solution as well as in a combined NaCl and 
Na2SO4 solution in order to identify the reaction products. The former profile is 
shown in Figure 5.29 and the latter is already given in Figure 4.19. 
 
 
Amount [%] 
Gypsum Ettringite Friedel’s salt 
OPC 1.22 15.63 14.17 
Figure 5.29: XRD-profile for OPC after 6 months immersion in a 165 g/l NaCl solution 
+ Quantitative Rietveld analysis after XRD-measurements. The amount of reaction 
products is compared to the internal standard [%]. 
The observed ettringite formation in Figure 5.29 is not caused by sulphate attack 
since there was no external sulphate source present. The ettringite is formed 
during the hydration process and will not cause any deterioration due to 
expansive reaction products as secondary ettringite does. Besides, the ettringite 
fraction is smaller (15.63 %) than when single sulphate attack is considered 
(33.99 %). More important is the presence of Friedel’s salt. This indicates the 
binding of external chlorides. Compared to the amounts found by Rietveld 
analysis for OPC exposed to a combined sodium sulphate and chloride attack 
(Figure 4.19), it is found that they are in the same order of magnitude. Also the 
amount of gypsum is similar. According to these results, it can be stated that 
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sulphates have only limited influence on chloride binding. However, it should be 
mentioned that these profiles are made after approximately 180 days immersion, 
which is quite early in terms of ettringite formation.  
In addition, XRD-analysis followed by Rietveld analysis is performed in 
function of the layer depth (specimens analysed after 259 days immersion). The 
quantitative results are shown in Figure 5.30 and Figure 5.31 for Friedels salt on 
the one hand an Ettringite and Portlandite on the other hand. 
 
Figure 5.30: Friedel’s salt content in function of the depth. The amount of reaction 
products is compared to the internal Rietveld standard [%]. 
The quantitative analysis by means of XRD and Rietveld clearly shows the 
presence of Friedel’s salt content in the first 20 mm of all specimens. 
Nevertheless, due to the presence of sulphates in the host solution it seems that 
the Friedel’s salt content tends to decrease more than in a single chloride 
solution between 10 and 20 mm from the exposed surface.  
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Figure 5.31: Ettringite (left) and Portlandite content (right) in function of the depth. The 
amount of reaction products is compared to the internal Rietveld standard [%]. 
The analysis concerning ettringite formation indicates an increased ettringite 
formation in the first 3 mm in the case of combined attack. However, the lowest 
Portlandite contents in the first 10 mm are found in the samples exposed to the 
single chloride solutions although the ettringite formation is lower and the 
Friedel’s salt content is equal compared to the content after immersion in 
combined solutions. This indicates that Portlandite reacts with chlorides or other 
elements, e.g. to form CaCl2 which can leach out (Alexander et al, 2013) or 
induce Friedel’s salt formation on its turn (Dyer, 2014). This does not occur 
when sulphates are present which could indicate the preferential sulphate 
binding behavior of hydration products.  
Furthermore, Figure 5.32 shows EPMA measurements on an OPC M(0.45) 
specimen exposed to a combined solution with sodium sulphate. The analysed 
area is 10 x 20 mm and the exposed surface is on top. These analysis were in 
collaboration with and performed by Florian Mittermayer (Institut für 
Materialprüfung mit TVFA, TU Graz, Austria).  
From Figure 5.32 it can be seen that chlorides penetrate much deeper into the 
cement matrix than external sulphates. This is in accordance with De Weerdt 
and Geiker (2014a) and with Brown and Badger (2000), they also found a 
limited penetration depth of S2-.  
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Figure 5.32: EPMA mapping of chloride (left) and sulphate (right) in an OPC sample 
exposed to a 33 g/l NaCl + 5 g/l Na2SO4 solution for 14 weeks. The investigated area is 
10 x 20 mm and the exposed surface is at the top. 
Although sulphates are found throughout the whole area, these are internal 
sulphates initially from the cement. The color in the mass is similar to the 
background color found in the reference, as can be seen in Figure 5.32. 
 
 
 
 
 
Figure 5.33: Reference - EPMA mapping of sulphate in 
an OPC sample exposed to a 33 g/l NaCl solution for 14 
weeks. The exposed surface is at the top. 
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Moreover, quantitative element analyses were performed based on EPMA. The 
results are shown in Figure 5.34, Figure 5.35 and Figure 5.36.  
 
Figure 5.34: EPMA – Quantitative analysis results of Al/Ca plotted in function of Si/Ca 
to indicate the formation of reaction products in several layers.  
 
Figure 5.35: EPMA – Quantitative analysis results of S/Ca plotted in function of Al/Ca 
to indicate the formation of reaction products in several layers.  
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Figure 5.36: EPMA – Quantitative analysis results of Cl/Ca plotted in function of Al/Ca 
to indicate the formation of reaction products in several layers. 
Based on these results, the XRD-measurements are confirmed in the way that 
almost no secondary ettringite is found in the mass of the samples. On the other 
hand, Friedel’s salt is clearly present, especially in the first layers, at depths of 
1 mm and 4 mm. This result also confirms the fact that chlorides will bind faster 
than sulphates since they penetrate faster, nevertheless, it is stated in literature 
that hydration products prefer to bind with sulphates. In general, the EPMA 
measurements indicate that the competition between chlorides and sulphates to 
bind with the cement hydration products is limited until the outermost layers.  
Regarding the influence of the temperature on chloride penetration when sodium 
sulphate is present in the environment, it seems that the general trends for 
chloride diffusion are similar as in single chloride environments. Although the 
relative differences in chloride diffusion at different temperatures becomes a 
little bit lower. 
In general, it can be concluded that the influence of sodium sulphate attack on 
chloride diffusion is a time-dependent process divided in at least three periods. 
Nevertheless, the differences compared to chloride diffusion from a single 
chloride solution are limited which makes this phenomenon rather negligible in 
comparison with other environmental influences on chloride diffusion such as 
e.g. temperature changes. 
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5.5.2. Influence of magnesium sulphate  
The effect of the presence of magnesium sulphate on chloride penetration in 
concrete/mortar is different from the sodium sulphate effect. So, it is not correct 
to generalise the influence of sulphates on the chloride attack mechanism. 
Nevertheless, this effect is also time-dependent. However, in marine 
environments mostly sodium, magnesium, chlorides and sulphates are found. 
This implies that marine conditions are simulated more realistically by adding 
magnesium sulphate to a sodium chloride solution. 
Concerning the chloride diffusion in this particular environment, it can be seen 
from the measurements that chloride penetration is similar to chloride 
penetration during storage in a single chloride solution, or slightly lower. This is 
also observed from the chloride diffusion coefficient which decreases when 
magnesium sulphate is added to the host solution. From 14 weeks to 37 weeks 
immersion, the chloride penetration depth and the diffusion coefficient is always 
lower due to the presence of magnesium sulphate in the chloride rich 
environment. Furthermore, after 37 weeks exposure, chloride penetration 
significantly increases compared to the earlier exposure period in the combined 
solution and the value equals the one after storage in the single solution. This 
increase is also seen in the chloride profile. However, only in the first layers 
which result in very steep profiles and consequently a low diffusion coefficient. 
Nevertheless, the chloride surface concentration after 37 weeks immersion is 
significantly higher than in the other solutions. In general the surface 
concentrations increase much faster in function of time when exposed to a 
chloride solution with added magnesium sulphate compared to storage in a 
single chloride solution.  
The observed development of chloride diffusion in function of exposure time 
can be explained by means of the occurring magnesium sulphate attack 
mechanisms. Firstly, a brucite layer will be formed quite early, already after 
7 weeks immersion. The presence of this layer was indicatively determined by 
means of XRD after 180 days exposure as shown in Chapter 4, Figure 4.26. 
Brucite is only observed at the surface layer which is confirmed by means of 
SEM-EDX measurements after 14 weeks exposure, as can be seen in Figure 
5.37. Based on the visual inspection, is was clear that it was not possible to 
remove the layer. 
                                                           Influence of sulphates on chloride attack 
155 
      
Figure 5.37: Surface covering layer after immersion in NaCl with added MgSO4 (left). 
Results of a SEM-EDX analysis (right) indicating the Mg2+/Ca2+ ratio as well as the Cl-
/Ca2+ ratio measured at the exposed surface (A) and in the mass (B). 
The magnesium rich layer at the surface indicates the presence of brucite 
(Mg(OH)2). Moreover, similar results are obtained by means of a quantitative 
analysis based on EPMA, see Figure 5.38.  
 
Figure 5.38: Results of a quantitative EPMA analysis indicating the Mg2+/Ca2+ ratio 
measured at different depths in the mass of the sample. 
In addition, it was seen by means of visual inspection that the brucite layer was 
formed faster at higher temperature (35 °C). Nevertheless, at early exposure 
periods the layer was also found at 5 °C but covering less area.  
With regard to the formation of other reaction products, the quantitative Rietveld 
analysis as shown in Figure 5.30 and Figure 5.31 indicate an increased ettringite 
formation in comparison with samples exposed to a single chloride solution as 
well as in comparison with samples exposed to a combined solution with sodium 
sulphate. In addition, an increased portlandite decomposition is observed in the 
surface layers, which is caused by reaction product formation such as ettringite 
and brucite. Moreover, the decreased Friedel’s salt content is conform the early 
age chloride binding isotherms. 
0.00
0.04
0.08
0.12
0.0
0.5
1.0
1.5
A B
C
l-
/ 
C
a
2
+
M
g
+
/ 
C
a
2
+
Mg/Ca
Cl/Ca
0.0
0.4
0.8
1.2
1.6
1mm 4mm 11mm
M
g
/C
a
Layer depth
Brucite layer 
 
Chapter 5                                                                                     
156 
In addition, it can also be seen from the SEM-EDX analysis that the chloride 
content decreases in the mass of the exposed sample. So this brucite layer will 
prevent chlorides from penetrating into the mass in large quantities since it is 
impermeable. Although, the brucite layer will break down after a certain period 
which probably gives rise to increased chloride penetration. This phenomenon 
was observed after 18 months exposure of concrete samples to a combined 
solution of sodium chloride and magnesium sulphate, as can be seen in Figure 
5.39. Nevertheless the chloride increase was already measured after 37 weeks of 
exposure. 
              
Figure 5.39: Breaking down of the brucite layer after 18 months exposure. 
Furthermore, according to De Weerdt (2014) and Xu (1997) magnesium induces 
a pH decrease and the CSH transforms to MSH at the outermost layers. This 
process gives rise to a mushy cement matrix without crack formation although it 
is assumed to be more porous. This is also observed after removing the brucite 
layer, see Figure 5.40. 
So, after a longer exposure period, the combination of a vanishing brucite layer, 
a porous and mushy surface layer as well as low a pH results in increasing 
chloride diffusion and binding ratios. The higher chloride diffusion rate and 
binding after 37 weeks exposure is observed by means of the chloride profiles 
and the binding isotherms. The fact that this effect is limited to the outermost 
layers is also seen by means of the chloride profiles. 
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Figure 5.40: Mushy, crumbling cement matrix underneath removed brucite layer. 
To compare the chloride penetration and the sulphate penetration, EPMA 
measurements are performed on a mortar specimen exposed to a combined 
solution with magnesium sulphate. A mapping was performed to visualise the 
chloride penetration on the one hand and the sulphate penetration, by means of 
SO3, on the other hand. The results can be seen in Figure 5.41. These analysis 
were obtained in collaboration with and performed by Florian Mittermayer 
(Institut für Materialprüfung mit TVFA, TU Graz, Austria).  
From Figure 5.41 it can be seen that chlorides penetrate into the cement matrix 
much deeper than external sulphates. Just a very small layer contains an 
increased sulphate content. Furthermore, the chlorides seem to penetrate a little 
bit deeper than in case of exposure to a chloride solution with added sodium 
sulphate, also the chloride content seems to be higher. Which could indicate the 
higher binding capacity when the brucite layer starts to break. These 
observations are in accordance with the findings of De Weerdt and 
Geiker (2014a). 
 
Crumbling of   
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Figure 5.41: EPMA mapping of the chloride content (left) and the sulphate content 
(right) in an OPC sample exposed to a 33 g/l NaCl + 4.25 g/l MgSO4 solution for 
14 weeks. The area is 10 x 20 mm and the exposed surface is on top.  
Here as well, the blueish color throughout the whole area indicates the presence 
of internal sulphates from the cement, cf. Figure 5.32. 
Next, quantitative element analyses were performed based on EPMA. Results 
are shown in Figure 5.42, Figure 5.43 and Figure 5.44. 
Based on these results, Friedel’s salt as well as Kuzel’s salt are clearly indicated, 
especially in the first layers, at depths of 1 mm and 4 mm. Moreover, small 
fractions are also found deeper into the mass, as is also clear from the mapping. 
In addition, there is an indication of ettringite formation. This result also 
confirms the quantitative XRD-Rietveld analysis and the fact that chlorides will 
penetrate faster than sulphates. 
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Figure 5.42: EPMA – Quantitative analysis results of Al/Ca plotted in function of Si/Ca 
to indicate the formation of reaction products in several layers. 
 
Figure 5.43: EPMA – Quantitative analysis results of S/Ca plotted in function of Al/Ca 
to indicate the formation of reaction products in several layers. 
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Figure 5.44: EPMA – Quantitative analysis results of Cl/Ca plotted in function of Al/Ca 
to indicate the formation of reaction products in several layers. 
Regarding the temperature effect on chloride penetration in a sodium chloride 
environment containing magnesium sulphate, no clear effect was observed. 
Based on the colour change boundary it seems that a smaller relative increase is 
obtained when temperature increases. However, this is not observed based on 
chloride profiles and diffusion coefficients. The relative influence of the 
temperature on chloride penetration from a combined solution with magnesium 
sulphate is similar to the effect on chloride penetration form a single chloride 
solution. It should be remarked that with regard to the magnesium sulphate 
attack mechanism at 5 °C, discussed in Chapter 4, thaumasite attack occurred. 
This could imply that the negative influence of chloride on the sulphate attack 
mechanism at 5 °C only occurs at certain chloride concentrations added to the 
magnesium sulphate solutions. Since in Chapter 5 of current research much 
higher NaCl/MgSO4 ratios are used (= 3.9 to 7.7) compared to the ratio in 
Chapter 4 (= 1).   
5.5.3. Influence of HSR cement and BFS  
In general, BFS concrete has the highest resistance against chloride penetration. 
The chloride penetration fronts as well as the diffusion coefficients are the 
smallest for these mixtures, regardless the sulphate concentration in the 
combined solutions. This is in accordance with the general assumption, namely 
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that the replacement of ordinary Portland cement by BFS results in an increasing 
resistance against chloride penetration (Maes et al., 2013). The reduced chloride 
penetration is in most cases attributed to an increased chloride binding. 
However, in current research decreased chloride binding is observed based on 
the chloride binding isotherms, which is in accordance with previous research 
(Maes et al., 2013) and with Yuan (2009). Nevertheless, the findings based on 
the binding isotherms are contradictory to the XRD and Rietveld analysis on 
specimens immersed for 180 days in a 165 g/l NaCl solution, Figure 5.45 and 
Figure 5.46.  
 
 
Gypsum [%] Ettringite [%] Friedel’s salt [%] 
S50 2.9 10.32 17.65 
Figure 5.45: XRD-profile for S50 after 6 months immersion in a 165 g/l NaCl solution + 
Quantitative Rietveld analysis after XRD-measurements. The amount of reaction 
products is compared to the internal standard [%]. 
 
 
Gypsum [%] Ettringite [%] Friedel’s salt [%] 
S70 - 8.85 18.94 
Figure 5.46: XRD-profile for S70 after 6 months immersion in a 165 g/l NaCl solution + 
Quantitative Rietveld analysis after XRD-measurements. The amount of reaction 
products is compared to the internal standard [%]. 
The Friedel’s salt content increases from 14.17 % for OPC to 17.65 % for S50 
and to 18.94 % for S70. One of the reasons for this finding could possibly be 
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that BFS concrete releases more bound chlorides than OPC concrete when 
water-extraction is used, which results in an overestimation of free chloride 
content (Yuan, 2009), since the relationship between water-soluble chloride 
content and free chloride content is assumed to be constant for OPC and BFS 
concrete. As a consequence, the bound chloride content can be underestimated. 
Based on the results with regard to combined attack, it can be stated that the 
influence of BFS as cement replacement is beneficial. Moreover, exposure to 
combined solutions for 18 months showed no cracking or crumbling surface 
layers, as could be seen in case of OPC (cf. Figure 5.28 and Figure 5.40).  A 
possible explanation for this phenomenon could be the on-going hydration 
leading to a densification of the matrix which makes it more difficult for the 
chloride and sulphate ions to penetrate and as a consequence results in less 
expansive or deteriorating reaction products. Because of this, the influence of 
sulphates on chloride penetration becomes inferior compared to the densification 
of the matrix. The general trends observed for OPC immersed in combined 
chloride and sulphate environments are similar to those observed for BFS. 
Nevertheless, this is in contrast with the findings from Chapter 4 in case BFS 
mortar is exposed to magnesium sulphate and sodium chloride (Cl-/SO42- ratio = 
1). In those particular conditions more damage was observed that could lead to 
increased chloride penetration. However, as assumed before, the negative 
influence of chlorides as well as BFS on magnesium sulphate attack occurs only 
within specific boundary conditions. These findings are in contrast with 
Tumidajski et al. (1996), who said that the synergistic effect of sulphate ions on 
chloride ingress is different in Portland cement concrete and concrete 
incorporating partial replacement of Portland cement by slag. In the former, he 
found that the presence of sulfate ions in the solution bath decreased chloride 
penetration and diffusivity. But, in the latter, sulphate ions in the solution bath 
increased chloride penetration and diffusivity. It should be remarked that the Cl-
/SO42- ratio in his research was only 0.22, what means that it was a sulphate 
solution with added chlorides, which is different from the investigation in this 
part of the research. 
In addition, the use of high sulphate resistant Portland cement also influences 
the resistance against chloride penetration in combined environments, especially 
at early exposure periods in combined solutions containing sodium sulphate. For 
HSR mixtures, the chloride penetration depth slightly decreased when the 
sulphate content increased. So, a sulphate content of 50 g/l Na2SO4 influences 
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the chloride penetration depth significantly when considering the effect of the 
binder type. After a 7 weeks immersion period in the combined solution with 50 
g/l Na2SO4, it is remarkable that the chloride penetration in the OPC mix is 
slightly higher than in HSR concrete. Since the C3A content of HSR is already 
very low from the beginning, there is no competition between Cl- and SO42- to 
bind the C3A. So, chlorides can penetrate the concrete unhindered. This means 
that the adverse/harmful effect of HSR compared to OPC, in chloride containing 
environments can disappear when high sulphate contents are present. 
Nevertheless, this phenomenon is not observed when the concrete is immersed 
for 14 weeks. Furthermore, when chloride diffusion profiles and coefficients are 
taken into account, it can be stated that they remained constant or decreased 
slightly when the sulphate content increased. Although they are still higher than 
diffusion coefficients for OPC and BFS. 
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5.6. Service life prediction 
The service life prediction model used in this research is a full probabilistic 
design approach for the modelling of chloride induced corrosion in uncracked 
concrete which has been developed within the research project DuraCrete (2000) 
and described in the fib Bulletin 34 (2006). It is based on the limit-state 
Equation 5.12, in which the critical chloride concentration Ccrit is compared to 
the actual chloride concentration at the depth of the reinforcing steel at a time t, 
C(x = d, t). 
𝐶𝑐𝑟𝑖𝑡 = 𝐶(𝑥 = 𝑑, 𝑡) = 𝐶0 + (𝐶𝑠,∆𝑥 − 𝐶0) . [1 −  erf (
𝑑−∆𝑥
2√𝐷𝑎𝑝𝑝,𝐶 .𝑡
)]  (5.12) 
with Ccrit the critical chloride content (wt.% binder), C0 the initial chloride 
content (wt.% binder), CS,Δx chloride content at depth Δx (wt.% binder), d 
concrete cover (mm), Δx depth of the convection zone (mm), t time (years), erf(-
) error function and Dapp,C apparent coefficient of chloride diffusion through 
concrete (mm²/years). The latter coefficient can be obtained from the 
experimentally derived non-steady state migration coefficient DRCM,0 (=Dnssm) 
using Equations 5.13, 5.14 and 5.15. 
𝐷𝑎𝑝𝑝,𝐶 = 𝑘𝑒  . 𝐷𝑅𝐶𝑀,0 . 𝑘𝑡 . 𝑊(𝑡)                          (5.13) 
 𝑘𝑒 = (𝑏𝑒 (
1
𝑇𝑟𝑒𝑓
−
1
𝑇𝑟𝑒𝑎𝑙
))                             (5.14) 
𝑊(𝑡) =  (
𝑡0
𝑡
)
𝑎
                           (5.15) 
In this equation, the apparent chloride diffusion coefficient Dapp,C (mm²/years) is 
calculated starting from the chloride migration coefficient DRCM,0, (mm²/years) 
taking into account a transfer parameter kt (-), an ageing function W(t) with the 
ageing exponent a (-), the reference point of time t0 (years) and the time t (years) 
and at last an environmental factor ke (-) including a regression variable be (K) 
as well as the standard test temperature Tref (K) and the temperature of the 
structural element or the ambient temperature Treal (K). 
5.6.1. Apparent chloride diffusion coefficient 
According to fib Bulletin 34 (2006), the apparent chloride diffusion coefficient 
is calculated based on Eq. 5.13. Apparent refers to the fact that diffusion is not 
the only transport mechanisms involved in chloride penetration. 
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Although the estimation of Dapp,C in Eq. 5.13 is based on the rapid chloride 
migration coefficient, it can also be calculated directly from chloride profiles 
taken from a concrete structure under natural exposure conditions. According to 
fib Bulletin 34 (2006) these profiles can be taken from existing concrete 
structures or from laboratory test samples. This means that the chloride profiles 
described in Part 5.3 can be used in order to calculate the apparent diffusion 
coefficient. These results were tabulated in Table 5.5, Table 5.7 and Table 5.9.  
According to Gulikers (2014, cited in Van den Heede (2014)), chloride diffusion 
tests are considered as a more realistic alternative for rapid chloride migration 
tests because in practice it is mainly diffusion that acts as the driving force for 
chloride transport. Moreover, by considering chloride diffusion, binding of the 
chlorides is included in the transport mechanism. 
5.6.2. Ageing exponent 
Considering the ageing exponent, the fib Bulletin 34 includes a statistical 
quantification of this parameter for different binder types. According to this 
guideline, the apparent diffusion coefficient is obtained based on the chloride 
migration coefficient at 28 days (t0 = 0.0767 years) and the ageing exponent. 
This ageing exponent reflects a functional relationship between the exposure 
time and the apparent diffusion coefficient. Its estimation requires chloride 
profiling at different exposure times followed by regression analysis forced 
through the initial value of DRCM,0 at the reference point in time t0 = 
0.0767 years (= 28 days).  
In this research, the ageing exponent is obtained by considering the chloride 
diffusion coefficients for OPC tabulated in Table 5.5 (Dapp,C = Dnssd), see Figure 
5.47. These chloride diffusion coefficients for OPC M(0.45) are calculated after 
chloride profiling of at least three different samples at every tested immersion 
time and per test solution. All immersion tests started after a curing period of 28 
days. So, no chloride migration coefficients obtained at 28 days are used to force 
the regression analysis through this value. The reference is the diffusion 
coefficient after 7 weeks immersion started at the age of 28 days. 
Chapter 5                                                                                     
166 
 
Figure 5.47: Apparent chloride diffusion coefficients for OPC measured after storage in 
different solutions at 20 °C, in function of the immersion time. 
A regression through these data points results in a value for the ageing exponent. 
It should be noted that the regression analysis is performed with the available 
chloride diffusion data, the equation for W(t) and forced through the initial value 
of the diffusion coefficient at a reference time of 7 weeks immersion 
(0.134 years), see Eq. 5.16: 
𝐷𝑎𝑝𝑝,𝐶 = 𝐷𝑎𝑝𝑝,0 .  (
𝑡0 
𝑡
)
𝑎
                                     (5.16) 
The reference time t0 as mentioned in Eq. 5.15 and Eq. 5.16 is the sum of the 
curing age and the shortest immersion period, namely 28 days and 7 weeks 
respectively. Figure 5.48 shows the modelled evolution of the apparent chloride 
diffusion coefficients in function of the immersion time based on the obtained 
ageing exponent and Eq. 5.16, the ageing exponent per exposure condition is 
mentioned in the figure. However, the available data to calculate the ageing 
exponent are limited until 0.7 years immersion, the modelling based on Eq.5.16 
is performed until the chloride diffusion coefficient per year is rather negligible. 
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Figure 5.48: Modelling of the apparent chloride diffusion coefficient in function of the 
immersion time based on the ageing exponents calculated by means of Eq. 5.16, for OPC 
mortar/concrete exposed to different environments at 20°C.  
At first sight, the ageing exponents show that ageing is dependent on the 
composition of the host solution. It seems that the presence of sulphates in the 
environment result in an increasing ageing behaviour. Between the two tested 
forms of sulphates it seems that the addition of MgSO4 (Comb. 5) causes the 
largest increase in ageing exponent. However, this is in contrast with the ageing 
factor obtained by Zuquan et al. (2007) in similar conditions, who found a 
decreasing factor when sulphates were added. Nevertheless, the differences 
between the ageing exponents obtained after exposure to different environments 
are not statistically significant, which means that the ageing factor for chloride 
environments with or without sulphates can be equalled to 0.47 ± 0.27. 
The straight forward method (Eq. 5.16) assumes that the diffusion coefficient is 
an instantaneous value, notwithstanding the fact that the diffusion coefficients 
described in Part. 5.3 are known as non-instantaneous values. They represent a 
time-averaged value since they depend on the age of the specimen at the start of 
exposure as well as on the duration of the exposure. So, the results of a diffusion 
test is a time-averaged value of the diffusion coefficient. According to Gulikers 
as cited in Van den Heede (2014), the apparent diffusion coefficient can be 
calculated by means of Eq. 5.17, keeping the latter statement in mind. 
 𝐷𝑎𝑝𝑝,𝐶 =
∫ 𝐷𝑎𝑖,0 .(
𝑡0
𝑡
)
𝛼
𝑑𝑡
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡
𝑡𝑒𝑛𝑑−𝑡𝑠𝑡𝑎𝑟𝑡
              (5.17) 
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In this equation, Dapp,C represents the apparent chloride diffusion coefficient as 
quantified from the chloride profiles, Dai,0 is the unknown instantaneous 
apparent chloride diffusion coefficient at the time of reference t0 (28 days), α the 
unknown ageing exponent to be estimated from the apparent diffusion 
coefficients, tend the age at the end of the exposure period (4 + 7 weeks, 4 + 
14 weeks, 4 + 22 weeks or 4 + 37 weeks) and tstart the age at the start of the 
exposure period (28 days or 4 weeks). Elaboration of Eq. 5.17 leads to Eq. 5.18. 
 𝐷𝑎 =
1
1−𝛼
 .𝐷𝑎𝑖,0 .𝑡0
𝛼 .[𝑡𝑒𝑛𝑑
(1−𝛼)
−𝑡𝑠𝑡𝑎𝑟𝑡
(1−𝛼)
]
𝑡𝑒𝑛𝑑−𝑡𝑠𝑡𝑎𝑟𝑡
              (5.18) 
Taking the results from Table 5.5 (Dapp,C = Dnssd) for the diffusion coefficients as 
well as for the immersion periods into account, Eq. 5.18 can be solved by means 
of a non-linear regression analysis. Table 5.11 shows the results for the 
instantaneous chloride diffusion coefficient for OPC and the corresponding 
ageing exponents.  
Table 5.11: Ageing exponents, with indication of the standard deviation, and 
instantaneous chloride diffusion coefficients estimated by means of Eq. 5.18. 
Parameter Ref. 1 Comb. 2 Comb. 5 General 
OPC 
α (-) 0.577 ± 0.27 0.557 ± 0.23 0.518 ± 0.25 0.553 ± 0.19 
Dai,0 (10
-12 m²/s) 9.218 9.312 7.476 - 
S50 
α (-) 0.780 ± 0.12 - - 0.780 ± 0.12 
Dai,0 (10
-12 m²/s) 4.758 ± 0.49 - - - 
Calculating the evolution of Dapp,C in function of the immersion period by means 
of the ageing exponent α will result in similar curves as shown in Figure 5.48, 
however a little shifted to the left.  
Contrarily to the ageing exponents obtained by means of the straightforward 
method, the values obtained by means of Eq. 5.18 decrease when sulphates are 
added to the reference solution. When a non-linear regression analysis is 
performed taking all the available data of the different test setups  into account, 
the mean ageing exponent for OPC amounts to 0.553 ± 0.19. Comparing these 
values with the value for the ageing exponent of OPC concrete given in fib 
Bulletin 34, it can be concluded that the experimentally determined values in 
this research are higher which can be attributed to the adapted determination 
method (no chloride migration coefficients involved and a chloride diffusion 
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coefficient as reference). The ageing exponent for OPC proposed in fib Bulletin 
34 amounts to 0.30 with a standard deviation of 0.12. 
5.6.3. Temperature factor 
The influence of environmental temperature changes on chloride penetration is 
included in the environmental factor ke mentioned in Eq. 5.12. The relation of 
the realistic temperature Treal and the reference test temperature Tref (20 °C) is 
described by means of the Arrhenius function, visualised in Figure 5.49. 
 
Figure 5.49: The apparent chloride diffusion coefficient for OPC in function of the 
difference between the inverse test temperatures varying from 5 °C to 35 °C and a the 
inverse reference temperature of 20 °C, when exposed to different environments.  
According to Page et al. (1981) and fib Bulletin 34 (2006), the estimated mean 
value of be amounts to 4800 K with a standard deviation of 700 K. According to 
the estimation based on an exponential regression analysis through the 
experimentally determined results in this research, parameter be amounts to 
2047 ± 72 K, 1948 ± 608 K and 2631 ± 601 K after storage in Ref. 1, Comb. 2 
and Comb. 5, respectively. Since these estimated values for parameter be in 
function of the test solution are not statistically significant different from each 
other, an average value can be calculated, namely 2207 ± 370 K. This is 
accordance with the parameter value obtained by means of a regression analysis 
based on all the available data, regardless the test solution. 
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5.6.4. Sulphate factor 
As described in Part 5.3, the presence of sulphates in a chloride containing 
environment influences the chloride penetration in cementitious materials. 
Because of this finding, it is assumed that combined environmental attack by 
means of chlorides and sulphates also influences the service life of concrete 
structures. 
To include this effect in the service life prediction model, an additional 
parameter has to be created. In order to find an appropriate parameter, the 
chloride diffusion coefficients described in Table 5.5, Table 5.7 and Table 5.9 
are used as well as the accompanying sulphate contents of the particular test 
solution. A linear relation was proposed between the chloride diffusion 
coefficients and the sulphate content of the chloride solutions.  
Firstly, the ratio of the chloride diffusion coefficients obtained after immersion 
in the combined chloride + sodium sulphate solutions DNa,* and the coefficient 
obtained after immersion in the reference solution Dref is plotted in function of 
the ratio between the SO42- concentration and the Cl- concentration, as can be 
seen in Figure 5.50. In addition, the results of the linear regression analysis are 
also shown. 
 
Figure 5.50: Apparent chloride diffusion coefficient in function of the sulphate/chloride 
concentration ratio of the environment, when the sulphates are present as Na2SO4. 
Based on the linear regression shown in Figure 5.50, parameter ks defined in Eq. 
5.19 can be added to the service life prediction model:  
OPC: y = 0.254x + 1
HSR: y = -0.201x + 1
S50: y = 2.112x + 1
S70: y = 0.292x + 1
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 𝑘𝑠 =
𝐷𝑁𝑎,∗
𝐷𝑎𝑝𝑝,𝑟𝑒𝑓
= 1 + 𝑏𝑠 .
𝑆𝑂4
2−
𝐶
               (5.19) 
With ks a parameter taking the influence of the host solution into account, bs a 
regression parameter (-), C the chloride concentration (g/l) and SO4
2- the 
sulphate concentration (g/l). 
As it was also clear from the results in previous parts of this thesis, chloride 
diffusion coefficients of cementitious materials containing HSR are influenced 
in an opposite way by the presence of sodium sulphate in a chloride containing 
environment than mixtures containing OPC or BFS. For HSR a small decrease 
in chloride diffusion is noticed when sulphate content increases in the form of 
sodium sulphate while for OPC and BFS an increase is observed. This results in 
a negative regression parameter bs for HSR amounting to -0.201. Moreover, bs is 
almost equal for OPC and S70, 0.254 and 0.292, respectively. Since S50 shows 
the highest increase in chloride diffusion when sulphates are added (Part 5.3.4), 
the parameter bs amounts to 2.625 which is 10 times higher than in case of OPC 
and S70. 
Secondly, the ratio of the chloride diffusion coefficients obtained after 
immersion in the combined chloride + magnesium sulphate solutions DMg,* and 
the coefficient obtained after immersion in the reference solution Dref is plotted 
in function of the ratio between the SO42- concentration and the Cl- 
concentration, as can be seen in Figure 5.51. 
 
Figure 5.51: Apparent chloride diffusion coefficient in function of the sulphate/chloride 
concentration ratio of the environment, when the sulphates are present as MgSO4. 
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The parameter as defined in Eq. 5.15, can also be used to describe the influence 
of the presence of sulphates in the form of magnesium sulphate in a chloride 
containing environment. As already described, the chloride diffusion coefficient 
decreases when MgSO4 is present. So the regression parameter bs amounts 
to -0.833. 
Unfortunately, no data are available to quantify the influence of BFS mixtures 
on transport of combined chloride + magnesium sulphate solutions. 
5.6.5. Surface chloride concentration 
Since the model is based on Fick’s 2nd law of diffusion, it has to be taken into 
account that most observations indicate that transport of chlorides is diffusion 
controlled. Nevertheless, the surface is often exposed to a frequent change of 
wetting and subsequent evaporation. The outer zone that is affected by these 
processes is usually referred to as the “convection zone”. Since the model 
described in Eq. 5.12 intends to be also applicable for exposure conditions 
where diffusion is not the only transport mechanism, the data of the convection 
zone, which may deviate considerably from ideal diffusion behaviour, is 
neglected and Fick’s 2nd law of diffusion is applied starting at a depth Δx with a 
substitute surface concentration Cs,Δx. Δx marks the depth of the convection 
zone. With this simplification, Fick’s 2nd law of diffusion yields a good 
approximation of the chloride distribution at a depth x ≥ Δx. As described by 
Tang et al. (2012), convection of ions in the pore solution and in and out of the 
concrete occurs when the construction element is not permanently immersed. It 
is not possible to determine these parameters straightforward. However, in case 
that the considered element is permanently submerged the parameter Δx is equal 
to 0 mm and Cs,Δx is equal to the the surface concentration calculated by means 
of the measured chloride profiles. 
According to literature (Tang et al, 2012; Van den Heede, 2014) the chloride 
surface concentration is time dependent. However, there are indications that 
these build-up periods are often relatively short. For long term predictions this 
time dependency is not included in the fib Bulletin 34 and DuraCrete models for 
practical reasons. As can be seen in Table 5.6, the experimentally obtained 
values for Cs in this research are also time dependent. A clear surface chloride 
build-up is observed, notwithstanding the samples were permanently submerged. 
In addition, it seems that the surface chloride concentration depends on the 
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material properties as well as on the environmental conditions. This is also 
mentioned in the fib bulletin 34.  
Nevertheless, the value used in this service life estimation is assumed to be time-
independent. It should also be kept in mind that the obtained chloride surface 
concentrations as given in Table 5.6 are valid for laboratory environments. In 
realistic environments, chloride surface concentrations are expected to be lower, 
namely in the order of magnitude of the values for Ref. 2, more specifically 
2.828 ± 0.55 wt.% binder (regardless the test temperature). The chloride surface 
concentrations found for Ref. 2 are in agreement with the values for Cs as 
suggested by fib bulletin 34, DuraCrete and CUR guideline VC 81 
2.78 wt.% binder and 3.0 ± 0.8 wt.% binder, respectively. 
5.6.6. Initial chloride concentration 
The initial chloride concentration is the chloride concentration which originates 
from the concrete components, e.g. the cement or alternative binders, the sand 
and/or the aggregates. In contrast to the chloride profiles resulting from external 
chloride penetration from the exposed surface, the distribution of the initial 
chloride content can be assumed to be uniform over the whole cross section. 
Based on the chloride profiling of samples where the external chlorides did not 
reach the depth of 20 mm, the initial chloride concentration can be calculated 
(from at least 6 specimens per binder type). The results are shown in Table 5.12. 
Table 5.12: Initial total chloride concentrations. 
 Ci (wt.% binder) 
 OPC HSR S50 S70 
Average 0.15 ± 0.04 0.12 ± 0.04 0.16 ± 0.05 0.19 ± 0.02 
Notwithstanding the fact that the mean total chloride concentrations tabulated in 
Table 5.12 increase when the BFS content increases, they are not significantly 
different from each other. The average initial chloride concentration, regardless 
the binder type amounts to 0.15 ± 0.05 wt.% binder. This is higher than the 
value advised to consider in CUR guideline VC81 (2009). In that guideline, a 
mean initial chloride concentration of 0.100 wt.% binder and a standard 
deviation of 0.025 wt.% binder are suggested. 
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5.6.7. Critical chloride concentration 
In general, the critical chloride concentration Ccrit is defined as the chloride 
concentration at which depassivation of the steel reinforcement begins (fib, 
DuraCrete, …). The start of this mechanism marks the end of the initiation 
period. The initiation period is followed by the propagation period which means 
that chloride concentrations higher than the critical chloride concentration will 
lead to actual damage due to steel corrosion. This is explained in Figure 5.52. 
 
Figure 5.52: Definition of the critical chloride concentration, initiation period and 
propagation period. (DuraCrete, 1998-2000) 
Before chloride corrosion damage can occur, the presence of moisture and 
oxygen is necessary. These criteria lead to an environment dependent behaviour. 
In dry or saturated environments damage due to steel corrosion will occur 
slower than in cyclic wet/dry environments. In Duracrete (2000), different 
critical chloride concentrations are suggested for OPC concrete submerged and 
in tidal/splash zones while fib Bulletin 34 mentions only one value regardless 
the environmental condition, namely 0.60 ± 0.15 wt.% binder.  
In literature, a lot of values are found for the critical chloride content. Angst et 
al. (2009) give a clear overview of the different possible values and their 
relevant influencing factors. It is clear that one single value is not valid for every 
cement type, exposure condition or steel type. The latter statement is also 
confirmed by Van den Heede (2014). The total critical chloride content can 
range between 0.10 and 1.96 wt.% binder under outdoor exposure conditions. 
Under laboratory conditions, the range is from 0.04 to 8.34 wt.% binder. 
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In the PhD research of Van den Heede (2014), critical chloride concentrations 
for submerged concrete are experimentally determined in function of the binder 
type and the W/B ratio. In addition, a clear literature overview is given. 
According to Van den Heede, it is justified to use the critical chloride 
concentration suggested in Duracrete for permanently submerged OPC concrete. 
Duracrete (2000) gives values between 1.6 and 2.1 wt.% binder for W/C ratios 
between 0.5 and 0.4. This means that a value of about 1.9 ± 0.15 wt.% binder 
can be assumed for reference OPC with a W/B ratio of 0.45. 
5.6.8. Concrete cover 
The appropriate concrete cover for the different exposure classes is specified in 
Eurocode NBN EN 1992-1-1 (ANB 2010). A nominal concrete cover of 40 mm 
corresponds with a design service life of 50 years. A design service life of 100 
years implies a construction class upgrade to S6 which requires a nominal 
concrete cover of 50 mm. Although strictly specified, its actual value in practice 
varies due to the unavoidable inaccuracies that occur in the construction stage. 
Therefore, this parameter has to be considered as a stochastic variable instead of 
as a constant value (Van den Heede, 2014). 
According to Van den Heede (2014) and fib Bulletin (2006) a normal 
distribution could be used to describe this variable. Yet, one has to keep in mind 
that this distribution does not exclude negative values for the concrete cover. 
Therefore, this distribution type can only be used for large concrete covers. In 
case of small concrete covers, distributions excluding negative concrete covers 
should be chosen, e.g. the Lognormal, Beta, Weibull(min)- or Neville 
distribution. Although the concrete covers required for the studied exposure 
classes in this research were always quite large, a lognormal distribution was 
assumed for this parameter at all time. 
The standard deviation of the concrete cover is chosen similar to the value 
assumed by fib Bulletin 34 and Van den Heede (2014). A typical standard 
deviation for the concrete cover highly depends on whether there are particular 
execution requirements for the concrete structure or not. Without them, the 
standard deviation should range between 8 and 10 mm.  From field 
investigations it turned out, that the observed standard deviations of the concrete 
cover were in the range of 2 mm ≤ s ≤ 15 mm (fib Bulletin 34). 
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5.6.9. Service life estimation 
In this research, the service life is defined as the end of the initiation period or 
the start of the propagation period. So, the following limit state function needs to 
be fulfilled (fib Bulletin 34, 2006): 
𝑝{ } =  𝑝𝑑𝑒𝑝. = 𝑝{𝐶𝑐𝑟𝑖𝑡 − 𝐶(𝑑, 𝑡𝑆𝐿) < 0} < 𝑝0            (5.16) 
With p the probability that depassivation occurs, Ccrit the critical chloride 
concentration (wt.% binder), C(d,tSL) the chloride content at depth d and time t 
(wt.% binder), d the concrete cover (mm), tSL: design service life (years), p0 the 
target failure probability. 
Fib Bulletin 34 (2006) gives an overview of the recommended maximum and 
minimum values for failure probability pf and reliability index β, respectively. In 
marine environments with the start of depassivation as serviceability limit state, 
the following criteria are used: 
 Probability of failure: pf  ≥ 0.10 
OR 
 Reliability index: β < 1.3 
The input parameters for the full probabilistic model are described in previous 
parts. As discussed, the parameter values suggested in literature can vary much. 
The default parameter values are based on standards and guidelines while in 
specific cases mix/environmental parameter values should be used whether or 
not experimentally determined.  
Default input parameters 
The default model input parameters are based on the input parameters as 
metioned in DuraCrete, fib Bulletin 34 or CUR guideline VC 81 and described 
in the previous paragraphs. Table 5.13 gives an overview of the default 
parameters used to quantify the influence of combined environmental attack 
mechanisms on durability. 
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Table 5.13: Default input parameters for service life prediction. 
Parameter Distribution Mean St. Dev. 
Lower 
boundary 
Upper 
boundary 
Ccrit  
[wt.% binder] 
Beta 1.90 0.15 0.2 3 
C0  
[wt.% binder] 
Normal 0.10 0.025 - - 
Cs,Δx  
[wt.% binder] 
Normal 3.0 0.8 - - 
d [mm] Lognormal 50 8 - - 
Δx [mm] Constant 0 - - - 
be [K] Normal 4800 700 - - 
Tref [K] Constant 293  - - 
Treal [K] Normal 
278 / 283/ 
293 / 308 
5 - - 
Dapp,xx weeks 
[mm²/year] 
Normal 
Table 5.9 & Table 5.5  
(A multiplication factor of 31.54 is used to translate 
the unit from 10-12 m²/s to mm²/year) 
kt [-] Constant 1 - - - 
t0 [year] Constant 0.211 (28 days curing + 49 days immersion) 
a [-] Beta 
OPC: 0.30 
BFS: 0.45 
OPC: 0.12 
BFS: 0.20 
0 1 
The data used for the apparent chloride diffusion coefficient are those given in 
Table 5.9 & Table 5.5. Since no default parameter is taking into account the 
sulphate content of the chloride solution, the influence of the presence of 
sulphates is quantified by using the particular apparent chloride diffusion 
coefficient obtained after exposure to the combined environments. Since these 
apparent chloride diffusion coefficients are obtained after certain exposure 
periods, the exposure time is added to the curing age in order to determine t0. In 
fact, this assumption will include a deviation from the instantaneous value of the 
apparent diffusion coefficient that corresponds to the reference time since the 
apparent diffusion coefficient counts as a time-averaged value between the start 
and end of exposure. So, especially at young age this time-averaged value will 
deviate considerably from the instantaneous value that corresponds with the 
starting or ending age of exposure. It should be noted that this deviation is taken 
into account for the experimentally determined input parameters. 
Figure 5.53  shows the principle of service life prediction based on the 
probability of failure pf on the one hand and on the reliability index β on the 
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other hand. It is clear from the graphs that replacement of OPC by BFS has a 
beneficial influence on the service life of a structure exposed to chloride 
containing environments. 
 
Figure 5.53: Service life estimation for OPC and S50 mixtures exposed to a 293 K 
chloride environment with a reference diffusion coefficient at 0.211 years. 
Table 5.14 gives an overview of the service life for different mixtures exposed 
to different chloride + sulphate environments based on the default parameters 
combined with the measured apparent diffusion coefficients after 7 weeks 
immersion. This means that the reference time is 0.211 years. The reference 
temperature was set at 293 K (= 20 °C).   
Table 5.14: Service life estimated for different mixtures and different host solutions by 
means of default input parameters with t0 = 0.211, Treal = 293 K and chloride diffusion 
coefficients obtained after immersion in every specific solution. 
 Service life (years) 
 OPC HSR S50 S70 
NaCl     
Ref. 1 27 20 117 137 
NaCl + Na2SO4    
Comb. 1 31 22 74 121 
Comb. 2 26 22 59 129 
NaCl + MgSO4    
Comb. 4 36 - - - 
Comb.5 32 - - - 
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Based on the data about the service life tabulated in Table 5.14 it is clear that 
replacement of OPC by BFS has a beneficial influence on the service life of 
structures made of cementitious materials exposed to marine environments. 
However, since a construction class of S6 is assumed, a service life of 100 years 
should be reached according to NBN EN 1992-1-1 (ANB 2010). The data 
tabulated in Table 5.14 indicate otherwise. The estimated time to depassivation 
for OPC is between 26 and 36 years for all solutions. On the other hand, BFS 
mixtures show a better performance since service life amounts to values 
between 59 and 117 years for S50 and between 121 and 137 years for S70. 
Concerning the presence of sulphates in the environment and their influence on 
the service life estimated by means of the resistance against chlorides, it seems 
that the effect is limited. As expected, the presence of Na2SO4 in a NaCl 
environment has no significant effect except for S50 mixtures, while the 
presence of MgSO4 results in a slightly increased service life. Nevertheless, by 
means of this prediction model the changes due to taking into account the 
presence of sulphates are much smaller than those due to the replacement of 
OPC by BFS.  
Besides the composition of the host solutions, the environmental temperature is 
an important parameter in order to predict the service life of structures in 
particular environments. In Table 5.15, this influence in quantified for OPC by 
taking the particular chloride diffusion coefficient per exposure condition at the 
reference temperature (293 K or 20°C) into account. The real temperature is 
assumed to be 278 K, 283 K and 308 K which is taken into account by means of 
the environmental default parameter be.  
Table 5.15: Service life estimated for OPC in different host solutions by means of 
default input parameters with t0 = 0.211 and Treal = 278, 283, 293 or 308 K. 
 Service life (years) 
 278 K (5 °C) 283 K (10 °C) 293 K (20 °C) 308 K (35 °C) 
Ref. 1 81 56 27 10 
Comb. 2 76 64 26 10 
Comb. 5 95 66 32 12 
The results in Table 5.15 show that a decrease in temperature results in an 
increased service life. For increasing temperatures, the opposite is true. The 
relative increase in service life is similar for every temperature decrease of 5, 10 
or 15 K, regardless the host solution. However, this results in a significant larger 
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service life at an environmental temperature of 278 K. It is worth mentioning 
that fib Bulletin 34 assumes the real temperature to be 283 K.  
Experimentally determined input parameters 
The parameters which are experimentally determined, as described in previous 
parts, are used as model input parameters in this section. These are 
supplemented with default parameters, see Table 5.16.  
Table 5.16: Experimentally determined input parameters for service life prediction. 
Parameter Distribution Mean St. Dev. 
Lower 
boundary 
Upper 
boundary 
Ccrit  
[wt.% binder] 
Beta 1.90 0.15 0.2 3 
C0  
[wt.% binder] 
Normal 0.15 0.05 - - 
Cs,Δx  
[wt.% binder] 
Normal 2.83 0.55 - - 
d [mm] Lognormal 50 8 - - 
Δx [mm] Constant 0 - - - 
be [K] Normal 2207 370 - - 
Tref [K] Constant 293  - - 
Treal [K] Normal 
278 / 293 / 
308 
5 - - 
Dai,0  
[mm²/year] 
Normal 
Table 5.11 (A multiplication factor is used to 
translate the unit from m²/s to mm²/year) 
kt [-] Constant 1 - - - 
t0 [year] Constant 0.0767  - - 
α [-] Beta 
OPC: 0.553 
BFS: 0.780 
OPC: 0.19 
BFS: 0.12 
0 1 
ks [-] Normal Figure 5.50 - - 
Parameters C0, CS,Δx and be in Table 5.16 have the same definition as the default 
parameters, however, they have a different value determined based on the results 
obtained in this research. Dai,0, α are experimentally determined parameters 
which replace Dapp and a, as described in Part 5.6.1 and Eq. 5.18. Furthermore, 
parameter ks is implemented to consider the sulphate concentration of the 
environment. 
Table 5.17 shows the time to depassivation of the reinforcement steel for OPC 
exposed to chloride containing environments with increasing sulphate contents. 
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The value for Dai,0 is calculated at t0 = 0.211 and the real temperature is assumed 
to be 293 K (=20 °C).  
Table 5.17: Service life for OPC and S50 by means of experimental input parameters 
with t0 = 0.211, Treal = 293 K and a diffusion coefficient per mixture. The values between 
() for S50 are the service lifes obtained with the general ageing exponent for OPC instead 
of the particular one for S50. 
 
SO4
2- / Cl- 
Service life (years) 
 OPC S50 
NaCl 
Ref. 1 0.000 169 + 1000 (445) 
NaCl + Na2SO4 
Comb. 1 0.186 158 + 1000 (275) 
Comb. 2 0.338 150 + 1000 (203) 
NaCl + MgSO4 
Comb. 4 0.186 216 + 1000 (569) 
Comb. 5 0.338 274 + 1000 (721) 
The service life results tabulated in Table 5.17 are significantly higher than 
those determined by means of the default parameters. The values for OPC 
exposed to a pure chloride solution on the one hand and to a combined solution 
on the other hand are increased by a factor of more than 6. Based on these data, 
the intended service life of 100 years is certainly reached. For BFS mixtures 
with 50 % OPC replacement, the service life exceeds 1000 years if the ageing 
exponent for S50 is taken into account (0.780). Furthermore, even if the general 
ageing exponent obtained for OPC (0.553) is taken into account for S50, the 
service life amounts up to 200 years and more depending on the composition of 
the host solutions.  
Service life prediction based on the experimentally determined parameters 
indicates a distinct difference between single chloride environments and 
combined environments. Nevertheless, the effect of sulphates on the service life 
of cementitious materials in chloride containing environments is clearly 
dependent on the associating cation. The presence of Na2SO4 has no or only a 
slightly negative effect while the presence MgSO4 has a rather positive effect. In 
reality a combination of both ions will be found. 
Table 5.18 shows the influence of environmental temperature changes on the 
service life for constructions exposed to combined environments. 
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Table 5.18: Service life estimated for OPC in different host solutions by means of 
default input parameters with t0 = 0.211 and Treal = 278, 293 or 308 K. 
 
SO4
2- / Cl- 
Service life (years) 
 278 K  293 K 308 K 
NaCl     
Ref. 1 0.000 305 169 98 
NaCl + Na2SO4 
Comb. 1 0.186 286 158 92 
Comb. 2 0.338 270 150 87 
NaCl + MgSO4 
Comb. 4 0.186 390 216 126 
Comb. 5 0.338 494 274 160 
The general trend for the influence of temperature changes on the service life is 
similar to the trend obtained by means of default input parameters. Although the 
relative decrease when the temperature increases is lower due to the 
experimentally determined environmental parameter. 
In general, it is clear that the presence of sulphates in chloride containing 
environments has an effect on the service life prediction based on chloride 
initiated corrosion of the reinforcement steel. Nevertheless, the effect cannot be 
defined straightforward since it depends on the sulphate associating cation. The 
presence of MgSO4 induces an increase in service life while Na2SO4 induces a 
decrease in service life, however the latter is rather small.  
In order to be able to interpret these changes in service life and to look at the 
larger picture, alternative values were implemented for some very sensitive 
parameters such as the critical chloride concentration or the concrete cover.  
The results in Table 5.19 show the influence of different values for Ccrit. As 
described in Part. 5.5.7, a lot of values are found in literature for this parameter. 
The values used to make this comparison are the values suggested in DuraCrete 
and fib Bulletin 34, 1.9 wt.% binder and 0.6 wt.% binder respectively. Based on 
the calculated results it can be seen that the critical chloride concentration 
implemented in the model has a great impact on service life prediction. 
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Table 5.19: Service life estimated for OPC with varying value for Ccrit. 
 
SO4
2- / Cl- 
Service life (years) 
 Ccrit =  
1.9 wt.% binder 
Ccrit =  
0.6 wt.% binder 
NaCl 
Ref. 1 0.000 169 10 
NaCl + Na2SO4 
Comb. 1 0.186 158 9 
Comb. 2 0.338 150 9 
NaCl + MgSO4 
Comb. 4 0.186 216 13 
Comb. 5 0.338 274 16 
Figure 5.54 gives extra results of a brief parameter study including also the 
concrete cover based on the results for exposure to NaCl. To understand the 
graphs, it should be noted that all the input parameters are kept equal to those 
given in Table 5.16 (Treal = 293 K and α = 0.553), apart from the ones 
investigated. The range obtained by varying the sulphate/chloride ratio from 
0.338 in case of Na2SO4 (most negative) to 0.338 in case of MgSO4 (most 
positive) is visualised by the dotted lines. This is compared to the ranges 
obtained by varying (a) the concrete cover from 40 mm to 60 mm and (b) the 
concrete cover as well as the critical chloride concentration between their 
extreme values on the other hand, both without taking the sulphate concentration 
into account (for the reference solution). 
 
Figure 5.54: Service life prediction – Parameter study with the varying SO42-/Cl- ratio 
(dotted lines) and varying d (a) or Ccrit + d (b). 
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These graphs confirm the statement that service life prediction is much more 
influenced by the concrete cover and the critical chloride concentration than by 
the presence of sulphates. Figure 5.54 (a) shows that the range of a service life 
prediction, including the sulphate contents, is smaller than the range for varying 
(realistic) concrete covers. If also the range for the critical chloride 
concentration is taken into account in addition to the concrete cover range the 
spread is even wider. So overall, it seems that the influence of the sulphate anion 
on the predicted time to depassivation does not outweigh the influence of the 
critical chloride concentration and the concrete cover. 
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5.7. Conclusions 
The influence of sulphates on the chloride attack mechanism changes in function 
of the exposure time in comparison with chloride attack without the presence of 
sulphates in the environment. Furthermore, the influence also depends on the 
cation which associates the sulphate ion. 
In general, chloride ions penetrate deeper into the mortar/concrete compared to 
sulphate ions. Sulphate penetration is limited to the outermost layers (several 
mm). 
Concerning the effect of sodium sulphate on chloride diffusion, the following 
conclusions are drawn: 
 For immersion periods between 7 weeks and 14 weeks, chloride diffusion in 
Portland cement or blast-furnace slag mortar/concrete increases when the 
sodium sulphate content in the chloride containing environment increases. 
So, the presence of sodium sulphate in a chloride solution aggravates the 
diffusion of free chlorides at early/short exposure periods. This is attributed 
to the competition to bind with C3A which favours to bind with sulphates. 
For immersion periods between 14 weeks and 37 weeks (assumed in 
literature to be up to 57 weeks) the presence of sulphates has a positive 
effect on chloride diffusion in comparison with chloride diffusion without 
sulphates in the environment. More specifically, chloride diffusion 
decreases compared to earlier exposure times and in function of the 
environmental sulphate content. The behaviour in this stage is caused by 
formation of reaction products filling up the pores and densification which 
reduces permeability. 
The last stage is observed in mortar/concrete exposed for more than 37 (or 
in accordance with literature 57 weeks). From that immersion time on, 
chloride diffusion starts to increase again when the sodium sulphate content 
increases. Cracking and spalling due to extensive expansion induce 
pathways for the chlorides to diffuse faster in the mortar/concrete. 
The following conclusions relate to the effect of magnesium sulphate on 
chloride diffusion: 
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 The general development of the influence of magnesium sulphate on 
chloride diffusion is similar as the development of the influence of sodium 
sulphate. 
Up to 14 weeks immersion, chloride diffusion in combined environments 
containing magnesium sulphate is similar or slightly lower than in single 
chloride environments.  
Between 14 and 37 weeks immersion, chloride diffusion is definitely lower. 
This effect is attributed to the presence of a brucite layer at the exposed 
surface which blocks further penetration. 
After 37 weeks and longer, increased chloride diffusion occurs since the 
brucite layer breaks down and the layers underneath are mushy and porous 
(limited till a few mm) allowing chlorides to penetrate faster and deeper into 
the mass of the mortar/concrete. 
In general, it should be remarked that the chloride diffusion coefficients 
obtained in an environment where sulphates are present do not increase / 
decrease much (depending on the cation and the exposure time) compared to the 
diffusion coefficients obtained after exposure to a single chloride environment. 
Furthermore, it is assumed that the Cl-/SO42- ratio is an important factor when 
describing the concomitant effects. However, the ratios investigated in this 
research, 2.97 and 5.38, do not induce changes in the observed effects on the 
chloride attack mechanisms. Although the intensity of the effects seems to be 
influenced proportionally. 
With regard to the cement type, using high-sulphate resistant Portland cement or 
replacing OPC partly by blast-furnace slag, two main conclusions are drawn: 
 In high sulphate resistant concrete the chloride penetration depth stays 
stable or decreases slightly when sodium sulphate and sodium chloride are 
both present in a solution. After a short immersion period (7 weeks) in a 
chloride solution with high sodium sulphate content, the chloride 
penetration depth is even lower than in ordinary Portland cement concrete. 
This beneficial effect of high sulphate resistant concrete disappears when 
the concrete is immersed for a longer period (14 weeks).  
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 In general, partial replacement of ordinary Portland cement by blast-furnace 
slag improves the resistance of concrete/mortar against chloride penetration. 
Concerning the influence of sulphates on chloride attack in BFS concrete, 
the trends are similar to the trends found for ordinary Portland cement 
concrete, namely an increase in chloride penetration when the sodium 
sulphate content in the combined solution increases. 
Next, conclusions are drawn with regard to service life prediction: 
 Service life prediction of concrete structures based on the described model 
is very sensitive to changes in input parameters.  
On the one hand, a considerable difference is observed for service life 
predictions based on the default parameters compared to the service life 
prediction by means of experimentally determined parameters. An increase 
by factor 6 is obtained based on the specific input parameters determined in 
this research.  
On the other hand the uncertainty of the parameters influences the final 
result. In case that the critical chloride concentration is assumed to be 
0.6 wt.% binder for OPC mixtures, the service life amounts to 10 years. 
Although, when the critical chloride concentration is set at 1.9 wt.% binder 
while the other experimental and default input parameters are equal, the 
service life increases up to 169 years. Similar findings are observed when 
the concrete cover ranges from 40 mm to 60 mm, which are both realistic 
values (even in the same construction).  
 Replacement of 50 % OPC by BFS causes a significant increase in the 
service life. This finding is independent on the choice of the input 
parameters. 
 Environmental parameters should be determined for every case specifically. 
In marine environments, environmental temperature changes will influence 
the time to depassivation significantly. Temperatures found in realistic 
marine environments around the world can range between 5 °C and 35 °C. 
An increase from the lower limit to the upper limit causes a service life 
reduction. Furthermore, every 15 °C temperature increase causes a reduction 
with factor 3.  
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 Taking the sulphate to chloride ratio into account, it is clear that the effect 
cannot be generalised based on one type of cation associating the sulphate. 
The presence of sodium sulphate causes a decrease in time to corrosion 
initiation. Contrarily, magnesium sulphate in chloride environments causes 
an increase.  
In case the ratio of sulphates to chlorides is equal to 0, the service life is 
predicted to be 169 years. For a realistic sulphate/chloride ratio (= 0.186) in 
combination with experimentally determined input parameters, the service 
life amounts to 158 years when sodium sulphates are present. This decrease 
is negligible. Both are lower than in case that magnesium sulphate is present 
with a sulphate/chloride ratio of 0.186, because then the service life 
increases to 216 years. 
Since realistic environments consist of a combination of Cl-, SO42-, Na+ and 
Mg2+, the realistic impact of combined environmental attack on service life 
will be situated in between the investigated situations. Nevertheless, an 
estimation based on an apparent chloride diffusion coefficient obtained after 
immersion in a single chloride solution will underestimate the more realistic 
situation which is positive regarding safety of the considered structure and 
maintenance (cost). 
Furthermore, it is clear that the implementation of the sulphate/chloride ratio 
does not outweigh the impact of the concrete cover and/or the critical 
chloride concentration. Since these parameters have much more impact, it 
seems more important to investigate or to control these values more 
specifically before implementing the sulphate content into the service life 
prediction model.  
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Chapter 6. Literature review – Crack 
healing in cementitious materials exposed to 
marine environments 
The second main part in durability of cementitious materials in marine 
environments, is the material aspect. Next to the high chloride concentration and 
the presence of sulphates in sea water, which cause a lot of damage, the exposed 
materials are also investigated in order to improve their resistance. A commonly 
used material for marine structures is reinforced concrete. However, chlorides 
affect the durability of reinforced concrete by initiating corrosion of the 
reinforcing steel. Besides, when cracks appear in the concrete structures, 
chlorides will penetrate faster. Thus, fast repair of the cracks is desirable. 
Without appropriate treatment, the amount and size of the cracks will increase. 
However, repair costs are large and in some cases repair is impossible due to 
inaccessibility. So to improve the durability and reduce repair interventions, 
autonomous crack healing is investigated. 
6.1. Crack formation  
To form cracks in cementitious materials, standardised cracks as well as realistic 
cracks can be obtained. Realistic cracks are obtained by e.g. a Brazilian splitting 
test, a 3-point bending test, a 4-point bending test or an expansive core test. 
They simulate realistic cracks in concrete structures, since the crack pattern, 
tortuosity and connectivity, etc. is similar to reality. In contrast, standardised 
cracks can also be obtained. However, the cracks obtained in this way are 
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artificial and not realistic. Audenaert et al. (2007) established a method to 
produce an artificial crack in concrete by means of thin steel plates placed in the 
fresh concrete and removed during hardening. Varied crack parameters such as 
crack width, depth and length are obtained by choosing varied sizes of plates to 
insert into the concrete. According to Mu (2012), producing realistic cracks has 
some disadvantages, namely repeatability, accuracy and reliability. Furthermore, 
it is very difficult to obtain the required crack width or length due to partial 
closure of the crack during unloading. Although the non-destructive method by 
means of steel plates cannot provide real cracks, it is an effective way to study 
and analyse the effects of cracks on transport properties of concrete. 
6.2. Crack width 
Regardless the applied cracking method, a lot of parameters influence the 
chloride penetration in cracked concrete. The most important parameters are the 
crack width and the crack depth. Apart from that, also the concrete mix 
composition, the aggressiveness of the environment, etc. play an important role.  
Conform to the standard NBN EN 1992-1-1 (2010), the allowable crack width in 
reinforced concrete structures depends on the environmental class and is in the 
range of 300 µm to 400 µm. However, Win et al. (2004) found that the chloride 
penetration depth at the crack tip (see Figure 6.1) of a 100 µm wide crack was 
already slightly higher than the chloride penetration from the surface.  
 
Figure 6.1: Chloride penetration around a crack. 
Furthermore, according to Ismail et al. (2008) crack widths of 200 µm and wider 
allow unlimited chloride diffusion perpendicular to the crack wall, as can be 
seen in Figure 6.2. Van den Heede et al. (2013) suggest to consider a crack 
width lower than 50 µm in order to avoid chloride penetration via the crack. So, 
it seems that in marine environments, the crack widths should be limited more in 
order to maintain or increase the durability of the structures. 
Cl- penetration 
a. At the crack tip 
b. Perpendicular to the crack 
c. From the surface 
 
 
 
 
c 
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Figure 6.2: Perpendicular-to-crack chloride penetration profiles, surface profile and 
reference profile in samples cracked at the age of 28 days. (Ismael, 2008) 
In addition, some researchers investigated the influence of the cracks widths on 
chloride penetration. As described in Chapter 5, the most commonly used 
methods are: chloride diffusion (by means of immersion) and chloride migration 
(migration cell or rapid chloride migration). Afterwards chloride penetration 
depths are measured by means of the colorimetric method and chloride diffusion 
or chloride migration coefficients were calculated. However, these parameters 
are misused sometimes. A lot of papers mention the chloride diffusion 
coefficient while the chloride migration coefficient is calculated. In the 
following part, the description of the coefficient is done based on the used test 
method instead, however a different name could have been used in the original 
paper.  
Djerbi et al. (2008) found a bilinear relation between the chloride migration 
coefficient, obtained by migration cell tests, and the crack width. Cracks were 
created by means of a controlled splitting test which means that the cracks were 
through going. For crack widths between 0 µm and 100 µm, the migration 
coefficient increased with increasing crack width, and for crack widths between 
100 µm and 200 µm this increase was less clear and the migration was rather 
constant. 
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Figure 6.3: Effect of crack width on migration coefficient through the crack. (Djerbi, 
2008) 
Similarly, Audenaert et al. (2009) found a bilinear relationship between the 
chloride penetration depth measured after rapid chloride migration tests and the 
crack width for cracks induced non-destructively, see Figure 6.4. They also 
found a bilinear relationship. However, the fit is not as good as it is for the data 
obtained by Djerbi et al. (2008). The second part where a constant penetration 
depth is suggested does not fit to the measured data. So, this relationship should 
be reconsidered. 
 
Figure 6.4: Maximum penetration depth in function of crack width on the concrete 
surface (Audenaert, 2009). 
Ye et al. (2013) investigated chloride profiles after chloride diffusion tests for 
specimens with realistic crack widths ranging from 50 µm to 200 µm at the 
crack mouth, obtained by 3-point bending tests, from which it was clear that the 
chloride concentrations increase at certain depths from the exposed surface, 
when the crack width increases. Comparable to this, Park et al. (2012) found an 
increasing colour change depth when crack widths increased up to 400 µm. In 
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addition, they found the chloride penetration increases faster for crack widths 
above 200 µm. Furthermore, Kwon et al. (2009) found for on-site drilled cores 
that chloride diffusion coefficients kept increasing with crack widths up to 
300 µm, see Figure 6.5. This is different from what Djerbi et al. (2008) and 
Audenaert et al. (2009) concluded.  
 
Figure 6.5: Diffusion coefficient and surface chloride contents corresponding to the 
crack width (Kwon et al., 2009). 
In accordance, Jang et al. (2011) found an increasing linear relationship between 
crack widths up to 206 µm and chloride migration coefficients, by performing 
migration cell tests. They used realistic through-going cracks obtained by a 
splitting test. Furthermore, Sahmaran (2007) concluded that when the crack 
width increases, the diffusion coefficient increases as well, and this effect was 
more distinct when the crack width was larger than 135 µm, see Figure 6.6. 
However, the relative increase seems not in the same order of magnitude as in 
the data obtained by Kwon et al. (2009). 
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Figure 6.6: Diffusion coefficient vs. crack width for mortar (Sahmaran, 2007) 
Apparent diffusion coefficient calculations performed by Mu (2012) show rising 
values with increasing crack width from 0 µm to 450 µm. As the crack width 
exceeds 450 µmm, the diffusion coefficient remains constant. So this could be 
defined as the upper boundary for crack widths influencing chloride diffusion. 
In addition, Jang et al. (2011) also found that the chloride migration coefficient, 
does not increase with increasing crack widths up to the critical crack width, 
namely approximately 55 µm. Yoon et al. (2007) define the critical crack width 
as a threshold crack width above which chloride penetration from the surface is 
faster than in sound concrete. They concluded, based on rapid chloride 
migration tests, that the critical crack width is about 12 µm. In their 
experiments, they created realistic not through going cracks by applying tensile 
stresses on metals plates attached at the surface of the specimen.  According to 
the chloride diffusion profiles obtained by Ismail et al. (2008), the critical crack 
width is maintained at 30 µm. They created cracks using the expansive core 
method. Next, Sahmaran (2007) found that the effect of realistic crack widths 
below 135 µm on the chloride diffusion coefficient is marginal, however, this is 
not a critical crack width.  
It should be mentioned that based on the PhD research of Mu (2012), it seems 
that the effect of crack parameters on transient chloride diffusivity can be ranged 
in following order:  
crack density > crack length or crack depth > crack width.  
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So, his results indicate that concrete cracking accelerates chloride diffusion and 
steeply reduces the time to de-passivation of the reinforcement (service life). 
Besides, the crack density has more significant influences on de-passivation 
time of rebars than the crack width, length or depth. Moreover, the de-
passivation time decreased rapidly with increasing crack density until a 
threshold value is reached. 
In addition, Mu (2012) found that incorporation of Mg2+ in environmental NaCl 
solution accelerates chloride mobility in concrete until the Mg2+ content reaches 
0.15 mol/l. At higher Mg2+ concentrations, the reason for the decreasing 
diffusion coefficients could be formation of magnesium hydrate which is an 
expansive chemical reaction or brucite, so densification of the concrete surface 
occurs. Precipitation of magnesium hydrate impedes chloride transport in 
cracks. Actually, cracked concrete samples, exposed to NaCl solution containing 
Mg2+, have some white substances surrounding the cracks on the exposed 
surface. Besides, sawing surfaces of cracked concrete samples also showed 
white substances within the crack. 
For a literature review focusing on more parameters influencing chloride 
penetration in cracked concrete (e.g. crack length, exposure time, etc.) the author 
refers to the literature review in the PhD of Mu (2012). 
6.3. Crack healing/sealing 
From the literature it seems that quite some research has been done on chloride 
penetration in cracked concrete. However, somehow the conclusions are 
contradictory. Nevertheless, it is clear that cracks promote the chloride ingress 
and thus impair the durability of cementitious materials. In practice, repair 
interventions upon crack formation are needed in order to reduce chloride 
induced corrosion. As already mentioned in Chapter 1, repair and maintenance 
can be difficult due to e.g. inaccessibility and moreover costs will accrue. The 
performance of structures with elapse of time is presented in Figure 6.7 (Van 
Breugel, 2007). Curve A describes how after some time gradual degradation 
occurs until the moment that first repair is urgently needed. The durability of 
concrete repairs is often a point of concern. Very often a second repair is 
necessary only ten to fifteen years later. Spending more money initially in order 
to ensure a higher quality often pays off. The maintenance-free period will be 
longer and the first big repair work can often be postponed many years (curveB). 
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Apart from saving direct costs for maintenance and repair also indirect costs can 
be reduced. 
  
Figure 6.7: Performance (a) and costs (b) with elapse of time for normal (A) and high 
quality (B) structures. Direct costs of repair included. (Van Breughel, 2007).  
A possible solution to reduce the repair interventions and moreover to increase 
durability is autonomous healing of concrete/mortar. Self-healing concrete is a 
material which is able to heal occurring cracks without external intervention. So, 
according to Van Breughel (2007) the extreme case would be that no costs for 
maintenance and repair have to be considered at all because the material is able 
to repair itself. Figure 6.8 schematically shows the performance of a structure 
made with self-repairing material.  
  
Figure 6.8: Performance (a) and cost (b) of a structure made with self-healing material 
(concrete) with elapse of time (Van Breughel, 2007). 
On the occurrence of a small crack or the start of any physical or chemical 
degradation process, the material gradually starts to repair itself and the structure 
will regain its original level of performance or a level close to that. The initial 
costs will be substantially higher than those of a structure made with traditional 
concrete. The absence of maintenance and repair costs, however, could finally 
result in a financially positive situation for the owner. 
(a) (b) 
(a) (b) 
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Notwithstanding, very little research has been done on the efficiency of self-
healing concrete in chloride containing environments. From the literature 
concerning self-healing cementitious materials, it is clear that research on self-
healing of cracks focuses on the general concept, the regain in mechanical 
properties and in water permeability after crack healing. Based on the water 
permeability it is concluded whether harmful substances will still penetrate after 
healing or not (Van Tittelboom and De Belie, 2013). A detailed literature review 
about self-healing cementitious materials, the healing mechanisms and their 
properties, can be found in the PhD thesis of Van Tittelboom (2012) and in the 
paper ‘Self-Healing in Cementitious Materials—A Review’ by Van Tittelboom 
and De Belie (2013). 
In this research, self-healing in cementitious materials is classified in two 
groups: autogenous healing and autonomous healing. 
The group of autogenous self-healing materials, exhibits self-healing properties 
due to the composition of the cementitious matrix. To achieve this so-called 
autogenous healing the presence of water is crucial for ongoing hydration of 
unhydrated cement particles and in addition, also CO2 is needed to obtain 
calcium carbonate precipitation (Wu et al., 2012, Van Tittelboom, 2012, 
Jaroenratanapirom and Sahamitmongkol, 2011, Huang, 2014). Huang (2014) 
found that for Portland cement paste with w/c ratio of 0.3, when the filling 
fraction of a micro crack (10 - 30 µm) with reaction products is about 28% after 
curing in water for 200 h, its air permeability decreases by about 65%. This 
demonstrates that self-healing of cracks can reduce the ingress of harmful agents 
through cracks significantly and thus prolong the service life of concrete 
structures, even if the cracks are not completely filled with reaction products. 
Furthermore, according to Jacobsen et al. (1996), after three months storage in 
water, autogenous healing of cracks in OPC concrete leads to a reduction in the 
rate of chloride migration. The reduction amounts to 28 - 35 % compared to 
migration in freshly cracked specimens. This effect is in accordance with the 
findings of Sahmaran (2007), who observed a significant amount of autogenous 
crack healing, with initial crack widths less than 50 µm, resulting in a reduced 
chloride diffusion coefficient and a slower chloride penetration rate.  
However, although autogenous crack healing seems to have a beneficial 
influence on chloride penetration it is a rather slow mechanism which is only 
suitable for small cracks in humid environments. In case of possible chloride 
ingress, fast healing is required and autonomous crack healing seems more 
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appropriate since the healing mechanism is triggered by crack formation and 
cracks are filled up almost immediately. In the encapsulation based approach, 
the material sequesters a healing agent inside discrete capsules. When a crack 
appears, the capsules break and the healing agent is released in the region of 
damage. Some autonomous healing mechanisms have already successfully been 
developed in order to prevent chloride ingress in cracks. Wang et al. (2013) 
embedded ureum formaldehyde spherical microcapsules, filled with epoxy in the 
concrete matrix. The epoxy was released by breakage of the capsules when a 
crack was initiated. The same chloride diffusion coefficient as for uncracked 
samples was obtained when 6 wt. % microcapsules with regard to the cement 
mass was embedded. Pelletier et al. (2011) encapsulated a Na2SiO3 solution in 
spherical PU microcapsules. When released, Na2SiO3 reacts with Ca(OH)2 and 
forms a CSH gel, which blocks the crack physically. The time until severe 
corrosion appeared was delayed 7.6 times compared with untreated cracked 
samples.  
Since Van Tittelboom et al. (2011) concluded that PU is an appropriate healing 
agent to obtain self-healing in cementitious materials, tubes with encapsulated 
PU were used in this research. The PU agents will polymerize upon release and 
create a closed cell structure in the crack, physically blocking the ingress of 
aggressive substances. PU agents have already successfully been tested as a 
surface coating to prevent chloride penetration (Medeiros and Helene, 2009). In 
previous research (Van Tittelboom et al., 2011) it was also proven that the PU 
agent reduces the water permeability of cracked specimens until it was almost 
similar to uncracked specimens.  
Nevertheless, specific data on degradation of autonomous self-healing 
concrete/mortar by means of encapsulated PU in aggressive environments are 
not available. These data could be important to prove that a service life 
extension of structures can be achieved with autonomous self-healing. 
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Chapter 7. Autogenous crack healing in 
marine environments 
Cracks in cementitious materials have the ability to close themselves, this 
phenomenon is called autogenous crack healing. Nevertheless, the crack closing 
is limited due to several factors related to the environment and the material 
characteristics. In this chapter, the influence of marine environments on 
autogenous crack healing in cementitious materials is investigated. To do so, 
cracked mortar specimens are immersed in chloride and sulphate solutions and 
the crack width is monitored on regular intervals. In addition, wet-dry cycles are 
performed in chloride containing solutions to simulate tidal conditions. 
7.1. Materials and methods 
7.1.1. Sample preparation 
Cracked OPC M(0.45) and S50 M(0.45) samples were prepared to perform the 
tests on autogenous healing.  
Cylindrical PVC moulds with a height of 50 mm and an inner diameter of 
100 mm were used to produce all of the specimens. These moulds were clamped 
on a wooden plate in order to prevent leakage of concrete and mortar at the 
bottom.  
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After casting and vibrating of the mortar, the specimens were placed in an air-
conditioned room with a temperature of 20 °C and a relative humidity of at least 
95 %. Demoulding took place the next day whereupon the specimens were 
stored again under the same conditions until the age of 21 days. Then, the 
specimens were coated with epoxy (SikaCor-277) at the sides. This coating 
acted as a kind of reinforcement during crack formation. The coating was 
allowed to harden for 3 days under laboratory conditions. 
7.1.2. Crack formation 
Realistic cracks were produced by means of a crack width controlled splitting 
test. The intended crack widths were 100µm on the one hand and 300µm on the 
other hand.  
Cracks were created at 24 days of age. The crack width was measured at both 
sides of the specimen with a Linear Variable Differential Transformer (LVDT) 
(Figure 7.1) and the mean value was used to control the splitting test.  
 
Figure 7.1: Splitting test to create realistic cracks (Based on (Van Tittelboom et al., 
2011)). 
The crack width was increased with a velocity of 0.5 µm/s until a crack width of 
either 150 to 210 µm or 400 to 500 µm was reached, see Figure 7.2. Then, 
specimens were unloaded giving rise to a final crack width of approximately 
100 µm and 300 µm, respectively.  
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Figure 7.2: Load – Crack width diagram during crack formation. 
The realistic cracks are going through the complete height of the specimens and 
they are running over the complete diameter, which is not the case for 
standardised cracks. After crack formation, the outermost 5 mm (casting 
surface) were cut off.  Then, the specimens were coated again except for the test 
surface. Before immersion in the test solutions, the crack widths were measured 
microscopically. 
7.1.3. Continuous immersion 
The test solutions contained NaCl on the one hand and NaCl + Na2SO4 or 
MgSO4 on the other hand. In accordance with Chapter 6, combined solutions 
were tested in order to clarify the influence of marine environments. Six samples 
per crack width were stored in every test solution, which makes a total of 48 
samples (24 with a 100 µm crack and 24 with a 300 µm crack) 
Table 7.1 gives an overview of the composition of the used test solutions for 
continuous immersion.  
Table 7.1: Overview of the test solutions for continuous immersion. 
Code Composition 
Ref. Distilled water 
Cl- 1 165 g/l NaCl (= 100 g/l Cl-) 
Cl- 2 33 g/l NaCl (= 20 g/l Cl-) 
Comb. 1 165 g/l NaCl + 50 g/l Na2SO4 (= 33.8 g/l SO4
2-) 
Comb. 2 165 g/l NaCl + 42.5 g/l MgSO4 (= 33.8 g/l SO4
2-) 
Before exposing the specimens to the test solutions, they were saturated 
immediately after crack formation in a 4 g/l Ca(OH)2 solution at the age of 
24 days. The immersion in the test solutions started at the age of 28 days. 
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7.1.4. Wet-dry cycles 
Cyclic wetting and drying is performed to simulate the tidal zone of marine 
constructions. One wet-dry cycle took 24 hours, it consisted of 12 hours 
immersion followed by a drying period of 12 hours. The cycles were obtained 
by means of small water pumps and floats. The test solution was moved from 
the test container to the reservoir container, as can be seen in Figure 7.3. In order 
to assure that the specimens are not in contact with any residual solution in the 
test container during the dry periods, they were placed on small tubes and the 
test container was equipped with an overflow. 
     
Figure 7.3: Test setup wet-dry cycles. 
Two test solutions were used during the cycles, namely a reference solution and 
a chloride solution, see Table 7.2. 15 samples with an initial crack width of 
100 µm were tested per solution, which makes a total of 30 samples. 
Table 7.2: Overview of the test solutions for cyclically wetting and drying. 
Code Composition 
Cyclic Ref. Wet-dry cycles in distilled water 
Cyclic Cl- Wet-dry cycles in 33 g/l NaCl 
7.1.5. Crack width monitoring 
Autogenous healing is investigated by monitoring the crack width. Microscopic 
pictures of the crack at the exposed surface(s) were taken at regular intervals 
crack widths were measured microscopically by means of a Leica S8APO with 
DFC295 camera. These pictures were analysed by means of the software 
ImageJ. Three measurements were done every time interval at 10 fixed locations 
along the crack length, in total 30 crack width values were obtained per 
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specimen and per measuring period. If the crack was closed, a value of 0 mm 
was taken into account. Based on these results, an average crack width was 
obtained. The initial crack widths were measured before exposure to the test 
solutions. 
The 48 specimens that were fully immersed were measured (at two sides) every 
4 weeks until an immersion time of 16 weeks followed by measurements every 
2 months until a quasi-constant crack width was observed. During the cyclic 
exposure, the crack widths were measured in the dry periods. Measurements 
occurred after 3, 7, 14, 21, 28, 49 and 98 cycles. 
The crack closing ratio was expressed as the remaining average crack width 
compared to the initial average crack width. 
7.1.6. Chloride penetration 
The samples exposed to cyclic wetting and drying are also used to investigate 
the chloride penetration by means of ccb and chloride profiles. 
Colour change boundary 
Three cracked samples were split orthogonal to the crack after 7, 14, 28, 49 and 
98 cycles and the chloride penetration was visualized by means of the 
colorimetric method. More specifically, by spraying 0.1 Mol/l AgNO3 on both 
halves of the split specimens. The penetration depth (ccb) from the surface 
exposed to the chloride solution, was measured at 9 positions equally divided 
along the surface. In addition, the chloride ingress in the direction perpendicular 
to the crack was measured at each side of the crack on 3 positions equally 
divided along the crack length as well as the extra chloride penetration at the 
crack tip as shown in Figure 7.4. Finally, the ccb was measured by means of 
image analysis software (ImageJ). 
  
Figure 7.4: Chloride penetration around a crack exposed to wet-dry cycles. 
Cl- penetration 
a. From the surface 
b. Perpendicular to the crack at the 
penetration depth from the 
surface 
c. Halfway crack depth 
d. At the crack tip 
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Chloride profiles & Diffusion coefficients  
Next, chloride profiles were obtained by means of potentiometric titrations. To 
do so, powder was collected by grinding layers of 2 mm thickness up to a depth 
of 20 mm. Powder was first collected in a zone of 18 x 75 mm² with the crack in 
the middle (Figure 7.5.a - Around crack). Afterwards, powder was collected 
from separated zones of 28.5 x 75 mm² both 9 mm away from the crack (Figure 
7.5.b - Rest). As such, the total grinded surface had a diameter of 75 mm. 
 
Figure 7.5: Grinding method to collect powder around the crack (a) and next to the 
crack (b). 
To grind the zone around the crack guide beams were applied, Figure 7.6. 
 
Figure 7.6: Grinding equipment to collect powder around the crack. 
The extraction method is already described in Part 5.2.2 . In the current part of 
the thesis, only the total chloride concentration, which is the sum of free and 
bound chlorides, is measured.  
 
18 mm 
 
28.5 28.5 mm 
Top view Section 
Total grinded surface 
(a) Grinded surface around the crack 
(b) Grinded surfaces next to the crack 
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7.2. Results - Continuous immersion 
7.2.1. Crack closure 
Figure 7.7 shows the influence of the host solution on autogenous crack healing 
in OPC and S50 mortar with initial crack widths of ~ 100 µm, more specifically 
crack widths in between the interval [79 µm – 119 µm]. No error bars are shown 
since they overlap too much. 
 
 
Figure 7.7: Crack closure measured for OPC and S50 with initial crack widths of 
100 µm, after immersion in Cl- 1 (a), Comb. 1 (b), Comb. 2 (c) and Ref. (d). 
As visualized in Figure 7.7, the crack closure observed during full immersion of 
specimens with single crack width of approximately 100 µm is rather slow. No 
statistically significant differences were measured between the tested mortar 
mixtures, namely OPC and BFS with 50 % cement replacement. However, 
based on the mean values, it seems that 100 µm cracks in OPC mortar heal 
faster than in S50 mortar. Regardless the host solution, a steep increase for crack 
closure is found during the first 4 weeks of exposure. The closing ratios amount 
up to 50 % in this period. When the influence of the host solution is taken into 
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account, it seems that storage in Comb. 2 leads to the highest closing ratios after 
6 months, 93 % and 85 % of the crack area is healed for OPC and S50 
respectively. Equal crack closure is found after 6 months storage in the reference 
solution. Besides, the test was also performed with Cl- 2 solution for which the 
same results were observed. In addition, full immersion in Comb. 1 or the single 
chloride solution Cl- 1 causes 50 % to 70% crack closure after 6 months. 
Figure 7.8 shows the influence of the host solution on autogenous crack healing 
in OPC and S50 mortar with initial crack width of ~ 300 µm, more specifically 
in the interval [246 µm – 349 µm].  
 
 
Figure 7.8: Crack closure measured for OPC and S50 with initial crack widths of 
300 µm, after immersion in Cl- 1 (a), Comb. 1 (b), Comb. 2 (c) and Ref. (d).  
The graphs in Figure 7.8 clearly show a lower crack closing ratio than those in 
Figure 7.7. This indicates a crack width dependency of autogenous healing, 
more specifically this means that cracks widths in the order of 100 µm will heal 
more complete than crack widths of 300 µm. The trends for OPC are similar to 
those found for 100 µm cracks with the difference that the ratios are lower. After 
6 months, crack widths reduced with 45 % to 50 % after storage in Cl- 1 and 
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Comb. 1. The highest crack closure was found after storage in Comb. 2, namely 
83 %, followed by immersion in the ref. solution, 72 %. In addition, it can be 
seen from the average results that S50 mortar performs better than OPC 
concerning autogenous healing of 300 µm cracks when stored in Cl- and 
Comb. 1 solutions. The crack closing ratios amount to 67% after 196 days of 
immersion which is equal to the ratio found after storage in the reference 
solution but a little bit lower than after storage in Comb. 2 (72 %). 
The crack closing is visualized in Figure 7.9. On the one hand, the crack can be 
seen just before immersion in the test solution. On the other hand, the crack is 
shown after 196 days immersion in Comb. 2.  
         
Figure 7.9: Crack with initial width of ~ 100 µm in OPC mortar before (a) and after 
196 days immersion in 165 g/l NaCl + 42.5 g/l MgSO4.  
It is clear that the 100 µm crack is closed after 6 months full immersion in 
Comb. 2. Although, not all cracks were completely closed after 196 days. 
Figure 7.10 shows a 100 µm crack in an OPC sample before immersion and 
after 196 days immersion in the Cl- 1 solution. 
         
Figure 7.10: Crack with initial width of ~ 100 µm in OPC mortar before (a) and after 
196 days immersion in 165 g/l NaCl.  
(a) (b) 
(a) (b) 
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In Figure 7.10 it can be seen that even after 196 days full immersion in an 
aqueous solution, cracks are not always completely healed. Nevertheless, parts 
of the crack are filled up. However, the micro crack at the right from the main 
crack is completely healed during the test duration. 
7.3. Results - Cyclic immersion 
7.3.1. Crack closure 
During the wet-dry cycles, only OPC samples were tested. The samples were 
divided into two groups based on the initial crack width, ‘≤ 105 µm’ on the one 
hand since the values are in the interval [62 – 105 µm] and ‘> 105 µm’ on the 
other hand with crack widths in the interval [158 – 339 µm]. One part of each 
group was exposed to distilled water (cyclic Ref) and the other part was exposed 
to 33 g/l NaCl (cyclic Cl-). 
Figure 7.11 shows the crack closing ratios for OPC samples after cyclic 
exposure. The error bars indicate the standard error on the average. 
   
Figure 7.11: Crack closure ratios measured for OPC mortar with initial crack widths 
≤ 105 µm or > 105 µm, after immersion in cyclic Ref. (a) and cyclic Cl- (b).  
As described based on continuous immersion, the crack closing ratio in function 
of time is dependent on the initial crack width. As can be seen clearly from 
Figure 7.11, cracks with initial widths larger than 105 µm do not heal as fast and 
as much as cracks with initial widths smaller or equal to 105 µm.  
In addition, no significant differences are found between the autogenous healing 
ratios per category observed in the reference solution on the one hand and the 
33 g/l NaCl solution on the other hand. 
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Figure 7.12 shows the autogenous crack healing mechanism in an OPC mortar 
sample exposed to cyclic drying and wetting in distilled water. 
   
   
   
Figure 7.12: Closure of a 100 µm crack in an OPC M(0.45) sample cyclically exposed 
to distilled water.  
From Figure 7.12 it can be seen that a crack with initial width ≤ 105 µm heals 
quite fast. Already after 7 cycles, the crack seems completely sealed. After 1 
cycle, the mechanism has started since crystals are found in the crack. These 
crystals seems to cluster in order to fill up the crack.  
(0 cycles) (1 cycle) 
(4 cycles) 
(14 cycles) 
(7 cycles) 
(21 cycles) 
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To visualize the influence of the test solutions, Figure 7.13 shows the healing 
mechanism when exposed to wet-dry cycles in 33 g/l NaCl.  
   
   
   
Figure 7.13: Closure of a 100 µm crack in an OPC M(0.45) sample cyclically exposed 
to 33 g/l NaCl (cyclic Cl-).  
The first observation from Figure 7.13, is the higher amount of cycles needed to 
heal the crack. However, this is not related to the host solution since specimens 
exposed to the same environments show healing in correspondence with the 
mechanisms shown in From Figure 7.12. Nevertheless, the main difference is 
(0 cycles) (3 cycles) 
(14 cycles) (21 cycles) 
(28 cycles) (49 cycles) 
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that less crystal formation is observed. After 49 cycles the crack seems to be 
filled up with a greyish mass. 
7.3.2. Chloride penetration 
Chloride penetration is investigated by means of colour change boundaries 
measured during the wet-dry cycles in 33 g/l NaCl on the one hand as well as 
after the wet dry-cycles in distilled water followed by 7 or 14 weeks immersion 
in Cl- 1 and Cl- 2 solutions on the other hand. Furthermore, chloride profiles are 
obtained after wet dry-cycles in distilled water followed by 7 weeks immersion 
in a Cl- 2 solution. 
Colour change boundary 
Figure 7.14 gives the average ccb measured from the exposed surface at nine 
locations as well as the values measured perpendicular to the crack surface at six 
locations. The error bars indicate the standard error on the individual values.  
 
Figure 7.14: Chloride penetration depth measured from the exposed surface (a) and 
perpendicular to the crack (b) for OPC mortar exposed to wet-dry cycles in 33 g/l NaCl. 
It can be seen that the colour change boundary measured from the surface does 
not change during the first 14 wet-dry cycles. Nevertheless, a penetration depth 
of 5.8 mm is measured. After 28 wet-dry cycles the ccb amounts to 6.6 mm, 
however, this increase is not statistically significant compared to the previous 
ccb values. A significant ccb increase is only observed between 28 and 
49 cycles. Afterwards, between 49 and 98 cycles, the penetration depth still 
increases but this increase is not statistically significant, to 9.0 and 10.2 mm 
respectively. In addition it is clear the average ccb measured perpendicular to 
the crack at six locations along the crack depth does not change during the test 
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period of 98 cycles. The ccb amounts to 6.9 mm after 7 cycles and stays 
constant from then. 
In order to get an idea of the difference in chloride penetration due to cyclic 
exposure and permanent exposure, some cracked specimens identical to the ones 
cyclically exposed to Cl- 2 are continuously immersed in the same solution. The 
results are shown in Figure 7.15.  
 
Figure 7.15: Chloride penetration depth measured from the exposed surface (a) and 
perpendicular to the crack (b) for OPC mortar continuously immersed in 33 g/l NaCl. 
In fact the chloride penetration from the exposed surface in function of exposure 
time expires according to the same trend. Nevertheless, the actual ccb is slightly 
higher at every measuring time when continuously immersed, e.g. after 28 days 
immersion the average ccb is 9.1 mm while it is 6.6 mm after 28 wet-dry cycles. 
In addition, the ccb measured perpendicular to the crack surface is equal. Also 
for permanently immersed cracked specimens, the ccb does not change in 
function of time after more than 14 days of exposure. The average values found 
for the ccb at this location are between 5.5 mm and 6.9 mm but do not 
significantly differ from each other.  
Furthermore, a part of the specimens subjected to 28 wet-dry cycles in distilled 
water are immersed in Cl- 2 solutions for 7 or 14 weeks. From these results, the 
durability of mortar with autogenously healed cracks is investigated by means of 
ccb and chloride profiles.  
The ccb measurements learn that the resistance against chloride penetration 
depends on the remaining crack width. In general it can be concluded that when 
the remaining crack width is smaller than 10 µm, no chloride penetration is 
observed along the initial crack path. This observation is visualized in Figure 
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7.16. These results were independent of the chloride concentration in the host 
solution (33 g/l or 165 g/l NaCl). 
  
Figure 7.16: Chloride penetration in autogenously healed mortar with a remaining crack 
width < 10 µm (a) on the one hand and > 10 µm (b) on the other hand. 
Chloride profiles 
The chloride profiles are shown in Figure 7.17. The profile of an uncracked 
sample (REF) immersed in 33 g/l NaCl solution for 7 weeks with indication of 
the standard error on the average is given as well. 
 
Figure 7.17: Chloride penetration profiles measured around the crack after 28 days 
cyclic exposure to distilled water followed by 7 weeks immersion in Cl- 2 (Auto – CR) 
and from an uncracked sample only after 7 weeks immersion in 33 g/l NaCl (REF). 
Mortar samples with autogenously healed cracks perform in a similar way as 
uncracked concrete when fully immersed in a chloride solution for 7 weeks. 
However, this statement is only partly true since one of the three tested samples 
behaves like an unhealed sample. Taking into account the initial crack width and 
closing ratios, it can be seen that all tested specimens have an initial crack width 
0
1
2
3
4
0 2 4 6 8 10 12 14 16 18 20
C
l-
co
n
te
n
t 
[w
t.
%
 b
in
d
er
]
Depth [mm]
Auto - CR (1) Auto - CR (2)
Auto - CR (3) 'REF'
(a) (b) 
Chapter 7 
226 
of less than 105 µm and a crack closure ratio of approximately 80 %. Although, 
the remaining crack widths are different (i.e. the crack width at the start of the 
continuous immersion period). For ‘Auto-CR (2)’ and ‘Auto-CR (3)’, the 
remaining crack width is lower than 10 µm, while it is even higher than 20 µm 
for ‘Auto-CR (1)’. 
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7.4. Discussion 
Concerning autogenous crack healing in marine environments, three main 
influencing factors are observed: the exposure conditions, the composition of the 
environmental solution and the crack width. 
Influence of the exposure conditions  
From the results it can be seen that the time to heal a crack autogenously clearly 
depends on the exposure conditions. When the cementitious materials are 
exposed cyclically to an aqueous solution whether with chlorides or not, healing 
occurs much faster than when they are continuous immersed. This finding is 
clarified by means of a comparative graph (initial crack width < 105 µm), see 
Figure 7.18. 
 
Figure 7.18: Autogenous healing expressed by means of the average crack closure ratio 
for cyclic and continuous immersion in an aqueous solution. 
This phenomenon can possibly be explained by means of the healing mechanism 
itself. When the cementitious materials are exposed to cyclic wetting and drying, 
CO2 from the air contacts with Ca2+ of the cementitious material and calcium 
carbonate (CaCO3) is formed. This crystalline reaction product precipitates and 
heals the crack quite fast. The presence of this product is proven by means of 
XRD and TGA. Furthermore, unhydrated cement particles come in contact with 
water/moisture from the environmental solutions inducing further hydration 
which mainly occurs during permanent immersion. Ongoing hydration also 
leads to a healed crack although it is rather slow compared to calcium carbonate 
precipitation. Huang (2014) also found that for cracked OPC paste, cured in 
water or saturated Ca(OH)2 solution under sealed conditions, portlandite is the 
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main mineral formed in cracks. It accounts for approximately 80% of the 
amount of minerals formed. However, according to Huang (2014) the 
mineralogy of the reaction products in cracks indicates that not only further 
hydration of unhydrated cement clinker, but also the recrystallization of 
dissolved portlandite of the bulk paste are the main contributions to autogenous 
healing in Portland cement paste when fully immersed. 
So, according to the results and observations it seems that the main autogenous 
healing mechanism during permanent immersion is ongoing hydration while 
calcium carbonate is the main mechanism during wet-dry cycles. This is 
confirmed by comparing Figure 7.9 and Figure 7.12. In the former a mainly 
greyish material indicating further hydration is observed in the crack, while the 
latter shows white calcium carbonate crystals which cluster in the crack until the 
crack is sealed. Nevertheless, combinations of these mechanisms are found in 
both exposure conditions. In Figure 7.13 the combination of both mechanisms is 
visible. To prove this statement, TGA analysis are performed on material 
collected from a cracked specimen which was continuously immersed. Since 
mass-loss that occurs in the temperature range of 600 - 800 °C can be attributed 
to the decomposition of calcium carbonate in the sample, the presence of this 
reaction product is proven in Figure 7.19. 
 
Figure 7.19: TGA analysis of CaCO3 from a cracked specimen continuously immersed. 
In addition, it is found that the influence of the binder is negligible when 
continuously immersed. Nevertheless, this is in contrast with earlier findings at 
the Magnel Laboratory. According to Van Tittelboom (2012) autogenous 
healing is improved when cement is partly replaced by BFS. However, those 
autogenous healing results are based on wet-dry cycles. 
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Influence of the environmental solution  
Autogenous healing of cementitious materials due to the combination of 
ongoing hydration and calcium carbonate precipitation, in wet-dry cycles, is not 
significantly influenced by the presence of chlorides.  
Concerning continuous immersion, the main idea was that the presence of 
sulphates has an influence on autogenous crack healing due to the formation of 
expansive reaction products. Although expansive reaction products are observed 
at the crack surfaces during immersion in chloride solutions with addition of 
sulphate, no significant increase in crack closure can be attributed to this 
phenomenon.  
By means of XRD measurements gypsum and ettringite are found at the exposed 
surface (see Figure 5.29 and Figure 5.30) as well as at the crack surface of 
samples exposed to chloride solutions with sodium chloride and magnesium 
chloride, as can be seen in Figure 7.20, Figure 7.21 and Figure 7.22. Also 
Friedel’s salt was found at the latter location indicating that chlorides have 
penetrated the cementitious materials through the crack.  
 
Figure 7.20: XRD analysis of a crack surface layer of cracked OPC mortar continuously 
immersed in Cl- 1. 
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Figure 7.21: XRD analysis of a crack surface layer of cracked OPC mortar continuously 
immersed in Comb. 1. 
 
Figure 7.22: XRD analysis of a crack surface layer of cracked OPC mortar continuously 
immersed in Comb. 2. 
In addition, SEM images show the presence of the expansive secondary 
ettringite, see Figure 7.23 (crack surface of a mortar sample exposed to sodium 
chloride + sodium sulphate). Nevertheless, the samples immersed in the chloride 
solutions with sodium sulphate do not show an increase in the crack closure 
ratio compared to those exposed to distilled water. This is probably because the 
formation of these crystals is too slow compared to the calcium carbonate 
precipitation and the ongoing hydration. Besides, the plates in the SEM image 
can possibly be attributed to calcium carbonate crystals.  
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Figure 7.23: SEM-analysis of the crack surface, at half crack depth, after exposure to a 
165 g/l NaCl + 50 g/l Na2SO4 solution. 
The only host solution causing an increase in crack closure consists of sodium 
chloride and magnesium sulphate. Since the formation of expansive reaction 
products has no influence on the autogenous healing mechanism another type of 
reaction product specific to the presence of magnesium sulphate has to enhance 
the crack closing behaviour during full immersion. A visual inspection of the 
specimens proves that the cementitious materials exposed to the solution with 
added magnesium sulphate have an irremovable white layer at the surface, as 
can be seen in Figure 7.24. 
 
Figure 7.24: Surface covering layer after immersion in sodium chloride with magnesium 
sulphate (left). + Results of a SEM-EDX analysis (right) indicating the Mg2+/Ca2+ ratio 
as well as the Cl-/Ca2+ ratio measured at the exposed surface (A), at the crack surface (B) 
and in the mass (C). 
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Based on SEM-EDX analysis, it is observed that the exposed surface (A in 
Figure 7.24) is enriched with Mg2+ (Mg2+/Ca+ ratio is high in that area) which 
could prove the existence of a brucite layer. This finding is in accordance with 
the findings described in Chapter 5 about combined attack mechanisms. 
Additional SEM-EDX analysis also indicated that the brucite layer seals the 
crack for further chloride penetration since the Cl-/Ca+ ratio is lower at the crack 
surface and in the mass (B and C in Figure 7.24) than at the exposed surface. 
Furthermore, at the crack surface this ratio decreases with a factor 2 compared to 
similar materials exposed to solutions without magnesium sulphate. So, brucite 
is responsible for the autogenous healing. Although it should be noticed that the 
brucite layer will break at a certain time, presumably resulting in much faster 
chloride penetration since the crack is not really healed but just sealed. 
Influence of the crack width  
In order to obtain autogenous healing, the crack width should be limited. Based 
on the results in this research it can be stated that crack widths lower or equal to 
105 µm have the potential to heal autogenously in marine environments. Larger 
crack widths will also heal but they will not reach full closure. 
In accordance with literature, a critical crack width is found. This can be defined 
as a threshold crack width above which chloride penetration will occur faster 
through the crack than through the sound material (Yoon and Schlangen, 2014). 
Measurements of the chloride penetration depth by means of colour change 
boundaries and chloride profiles after crack healing show that cementitious 
materials with a remaining crack width lower than 10 µm do not show any 
chloride penetration along the crack path. On the other hand, for samples with 
remaining crack widths larger than 10 µm, chlorides certainly penetrate the 
cementitious material from the crack surface as well. This finding is in 
accordance with the finding of Yoon and Schlangen (2014), who found a value 
of 12 µm. 
Furthermore, the results about chloride penetration show that the chloride 
penetration perpendicular to the crack wall observed at the beginning of the 
exposure is maintained in the measurements after longer exposure periods. 
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7.5. Conclusions 
For cementitious materials exposed to marine environments and containing 
cracks the following conclusions can be drawn based on this research: 
 Autogenous crack healing occurs quite fast by means of calcium carbonate 
precipitation and ongoing hydration when this mortar is cyclically exposed 
to wet/dry conditions. As a result it is assumed that cracks formed in the 
tidal zone of marine constructions can be healed autogenously. However, it 
also depends on the crack width. 
 Autogenous crack healing occurs much slower and mainly by means of 
ongoing hydration when continuously immersed.  
 The composition of the environmental solution, with or without chlorides, 
has no significant influence on the healing mechanism. Except in cases that 
the solution contains (additional) magnesium sulphate which results in the 
formation of a brucite layer, sealing the cracks. 
 Crack widths lower than 105 µm are able to heal autogenously. Crack 
widths larger than 105 µm will also heal but not completely. As a result 
crack healing in these larger cracks will not improve the resistance against 
the penetration of aggressive substance such as chlorides. 
 10 µm is the critical crack width for chloride penetration. Cracks beneath 
this limit do not serve anymore as a faster way for chlorides to penetrate the 
structure. 
 Chloride penetration from the crack surface stabilizes during autogenous 
crack healing. 
In general, this means that marine structures built of cementitious materials and 
containing cracks smaller than 105 µm have the property to heal or seal 
themselves autogenously. Furthermore, chloride penetration will no longer occur 
along the crack path when the crack becomes smaller than 10 µm. 
 
  
Chapter 7 
234 
 
235 
Chapter 8. The efficiency of self-healing 
cementitious materials by means of 
encapsulated polyurethane in chloride 
containing environments 
Since constructions in marine environments mostly have an important social 
function with a high economic impact, fast repair of cracks is desirable. 
However, repair costs are large and in some cases repair is impossible due to 
inaccessibility. A possible solution is self-healing of cracks in concrete. Self-
healing cementitious materials have the ability to recover without external 
intervention. 
8.1. Materials and methods 
8.1.1. Healing agent 
A commercially available polyurethane healing agent from BASF was used. In 
practice, it is used to make cracks watertight and to cut off running water. One 
component of the two component agent consisted of a prepolymer of 
polyurethane (PU) which starts foaming in moist surroundings. The second 
component consisted of a mixture of 10 % accelerator and distilled water. The 
expanding reaction of this healing agent may lead to an increase in volume of 25 
to 30 times. This reaction is the driving force for the healing agent to flow out of 
the capsules. So, the additional volume created by the cracks may be filled up. 
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8.1.2. Glass capsules filled with PU-healing agent 
In order to carry the healing agent and to trigger the healing action upon crack 
appearance tubular glass capsules were used for proof-of-concept, similar to the 
capsules used by (Van Tittelboom et al., 2011). Due to their high brittleness, the 
tubes will easily break whenever cracks appear in the mortar matrix. 
Borosilicate glass tubes with an internal diameter of 3 mm, an outer diameter of 
3.35 mm and a length of 50 mm were used. It should be noted that polymeric 
tubes that can survive concrete mixing and yet release their contents upon crack 
formation, are currently under development. 
Half of the tubes were filled with the prepolymer and the other half was filled 
with a mixture of accelerator and water. First, the tubes were sealed with 
polymethylmethacrylate at one end. Then the tubes were filled with the 
components of the healing agent, which were injected by means of a syringe 
with a needle. When all tubes were filled, the other ends were sealed and the 
tubes were ready to be embedded inside the cementitious samples. 
8.1.3. Samples with(out) self-healing properties 
The concrete samples were all created without self-healing properties since they 
were used to investigate the influence of cracks on chloride penetration and the 
efficiency of manual crack healing. The concrete compositions are described in 
Chapter 2. 
Cylindrical PVC moulds with a height of 50 mm and an inner diameter of 
100 mm were used to produce all of the specimens. These moulds were clamped 
on a wooden plate in order to prevent leakage of concrete and mortar at the 
bottom.  
Concerning the self-healing mortar samples, first a 20 mm mortar layer was 
brought into the moulds. When this layer was compacted on a vibration table, 
three couples of glass tubes were placed on top of it, as can be seen in 
Figure 8.1 (a). Afterwards, the moulds were completely filled with mortar and 
vibrated again. The samples without self-healing properties were prepared in the 
same way as described above, however, samples belonging to these series 
contained no glass tubes. The mortar mixtures are described in Chapter 2. 
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Figure 8.1: Self-healing mechanism by means of encapsulated PU. 
(a) Placing of the glass tube couples, (b) cracking and healing and  
(c) broken and almost empty capsules inside the mortar specimen. 
After a first test series, it was decided to change the moulding system. More 
specifically, the placement of the tubes was adapted. Two layers of tubes were 
provided. To do so, nylon wires were attached to the PVC moulds and the 
capsules were glued on them by means of a droplet of MMA in order to prevent 
the capsules from floating during casting. The embedded capsules were a little 
bit shorter, namely 35mm long, and 6 capsules were equally divided along the 
diameter over two layers, on 12.5mm and 37.5mm height as shown in 
Figure 8.2.  
                                   
Figure 8.2: Adapted placement of the tubes during moulding. 
After casting, the specimens were placed in an air-conditioned room with a 
temperature of 20 °C and a relative humidity of at least 95 %. Demoulding took 
place the next day whereupon the specimens were stored again under the same 
conditions until the age of 21 days. Then, the specimens were coated with epoxy 
(SikaCor-277) at the sides. This coating acted as a kind of reinforcement during 
crack formation. The coating was allowed to harden for 3 days under laboratory 
conditions. 
Accelerator 
PU - Prepolymer 
Nylon wire 
PVC mould 
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8.1.4. Crack formation  
To test the efficiency of manual healing, standardised cracks were used. In 
addition, realistic cracks were obtained by performing a splitting test to 
investigate the efficiency of autonomous crack-healing. 
Standardised cracks 
Standardised cracks were generated in concrete samples conform the method 
described by Audenaert et al. (Audenaert et al., 2007). They established a 
method to produce an artificial crack in concrete by means of thin steel plates 
introduced into the fresh concrete mix. Varying crack parameters such as crack 
width, depth and length were obtained by choosing different sizes of sheets to 
insert into the concrete. The thin plates used in this research had a pre-set 
thickness of 100 µm and 300 µm. The crack depth was kept constant at 15 mm 
for crack widths of 100 µm, and at 20 mm for crack widths of 300 µm. The 
crack length was 60 mm for all. The steel plates were sprayed with demoulding 
oil and placed on an iron rod which was fixed by using a magnetic base (Figure 
8.3).  
 
Figure 8.3: Standardised cracks - Preparation of the steel plates on the iron rod. 
The plates were positioned into the centre of the moulds at the intended depth 
(Figure 8.4a). The concrete was poured into the moulds and vibrated while the 
plates stayed in the concrete, (Figure 8.4b).  
     
Figure 8.4: Standardised cracks - Positioning of the steel plates (a), casting of the 
samples (b), prepared concrete sample with standardised crack after removal of the 
outermost layer (c). 
(a) (c) (b) 
                          Durability of autonomously healed cementitious materials 
239 
After approximately 10 hours, the steel plates were removed carefully before the 
concrete totally hardened. After 21 days storage, the outermost layer (trowelled 
surface) was cut off to obtain a flat measuring surface (Figure 8.4c). Before 
testing, the crack widths were measured microscopically at 30 positions. 
Splitting test –  Realistic cracks 
Realistic cracks were produced in accordance with the method described in 
part 7.1.2. 
8.1.5. Crack healing 
Manual crack-healing 
Manual crack healing is performed on concrete samples with standardised not 
through going cracks as well as realistic cracks. Both components of the PU-
healing agent were mixed and injected into the cracks 24 hours before testing by 
means of a syringe with a needle, see Figure 8.5.  
       
Figure 8.5: Manual crack healing by means of a syringe. 
Injection was continued until the crack seemed completely filled with healing 
agent. Before injection, the test surface of the specimens next to the crack was 
sealed with tape to avoid spilling of the healing agent at the test surface. 
Autonomous crack-healing 
Cracks of the mortar specimens with through going cracks containing 
encapsulated healing agent were autonomously healed (Figure 8.1). The 
embedded tubes broke during crack formation and both components of the 
healing agent were released into the crack due to capillary forces. Upon contact 
of both components, PU foam was formed, resulting in crack healing. 
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8.1.6. Chloride migration test 
The resistance to chloride penetration for manually healed concrete was among 
other methods evaluated by means of the rapid chloride migration test to gain 
some preliminary information. This method is described in NT Build 492 (1999) 
but it was slightly adapted in order to be able to compare the chloride 
penetration depths of the different test series. According to the method described 
in NT Build 492, the applied voltage during the test differs for every 
measurement, since the penetration depth should be smaller than the specimen 
height. Because of this, it is not possible to compare penetration depths. 
Therefore, the tests were performed at a constant voltage of 30 V and a constant 
duration of 8 hours. Afterwards, the chloride penetration was measured by 
means of the colorimetric method, cf. Chapter 5. 
Five series with at least 6 replicates were tested at 28 days: uncracked, cracked 
100 µm, cracked 300 µm, healed 100 µm and healed 300 µm.  
8.1.7. Chloride diffusion test 
The resistance to chloride penetration of manually and autonomously healed 
mortar samples, with standardised and/or realistic cracks respectively, was 
evaluated experimentally using the diffusion test as described in (NT Build 443, 
1995). For every test series, at least 9 specimens were tested (6 for the 
colorimetric method and 3 for the chloride profiles) as can be seen in Table 8.1. 
At the age of 28 days, the coated specimens were placed in a 4 g/l Ca(OH)2 
solution for 7 days. Afterwards, the specimens were placed in a closed container 
with the test solution, being a 165 g/l NaCl solution.  
Table 8.1: Different test series with realistic cracks - Codes. 
Code Test series 
Replicates per crack width 
Colorimetric 
method 
Chloride 
profile 
PU- MAN x  Manually healed x µm – Around crack 6 3 
PU – C x PU-self healed x µm – Around crack 
18 
6 
PU – R x PU-self healed x µm – Rest 3 
CR – C x Unhealed x µm – Around crack 
6 
3 
CR – R x Unhealed x µm – Rest 3 
REF Uncracked 6 3 
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Colour change boundary 
After 7 weeks storage in the test solution, the specimens were split orthogonal to 
the crack and the chloride penetration was visualized by means of the 
colorimetric method. More specifically, by spraying 0.1 Mol/l AgNO3 on both 
halves of the split specimens. The penetration depth (ccb) from the surface 
exposed to the chloride solution, was measured at 9 positions equally divided 
along the surface (Figure 8.6.c). In addition, the chloride ingress in the direction 
perpendicular to the crack (Figure 8.6.b) was measured at each side of the crack 
on 3 positions equally divided along the crack length as well as the extra 
chloride penetration at the crack tip (Figure 8.6.a). The ccb was measured by 
means of image analysis software (ImageJ). 
 
Figure 8.6: Chloride penetration around a crack. 
In order to evaluate the healing efficiency with regard to the resistance against 
chloride penetration, four healing categories are defined based on the colour 
change boundary.  
Figure 8.7 shows the categories for standardised cracks: (A) Totally healed (no 
Cl- -penetration around the crack), (B) Partially healed I (Cl- -penetration 
perpendicular to the crack + no Cl- -penetration at the crack tip), (C) Partially 
healed II (Cl- -penetration perpendicular to the crack + Cl- -penetration at the 
crack tip (< Cl- penetration from the surface)) and (D) No effect (Cl- -
penetration similar as in cracked unhealed sample). 
 
Cl- penetration 
a. At the crack tip 
b. Perpendicular to the crack 
c. From the surface 
  
 
c 
a 
b 
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Figure 8.7: Four categories to evaluate manual healing based on the colour change 
boundary around a standardised crack. 
In order to evaluate the healing efficiency of realistic cracks with regard to the 
resistance against chloride penetration, four healing categories based on the 
colour change boundary are defined, see Figure 8.8: (A’) Totally healed (no Cl--
penetration around the crack), (B’) Partially healed I (Cl--penetration until the 
tubes), (C’) Partially healed II (Cl--penetration beyond the tubes (< crack 
length)) and (D’) No effect (similar to cracked sample).  
Figure 8.8: Categories to evaluate healing based on the colour change boundary around 
a realistic crack.  
Chloride profiles & Diffusion coefficients  
Next, chloride profiles were obtained by means of potentiometric titrations as 
described in Part 7.1.2. In the current part of the thesis, only the total chloride 
concentrations, which are the sum of free and bound chlorides, are measured. 
Finally, total chloride contents were calculated using Eq 5.1. Non-steady-state 
No Cl-  
around the crack 
No Cl- -
penetration at 
the crack tip 
Cl- -penetration at 
the crack tip  
(< from the surface) 
Cl- -penetration  
≈ 
cracked sample 
B. Partially (I) 
 
C. Partially (II) 
   
A. Totally D. No effect 
  
 
  
 
A’. Totally B’. Partially 
(I) 
C’. Partially 
(II) 
D’. No effect 
No Cl-  
around the crack 
Cl- -penetration 
until the  
glass tubes 
Cl- -penetration 
beyond the  
glass tubes  
< crack sample 
Cl- -penetration  
≈  
cracked sample 
     
 
  
 
                          Durability of autonomously healed cementitious materials 
243 
diffusion coefficients and chloride surface concentrations were obtained by 
fitting Eq. 5.5.  
8.1.8. Infrared spectroscopy 
In order to test the durability of the healing agent itself, infrared (IR) 
spectroscopy was applied. Separate PU samples were immersed in four different 
solutions as well as exposed to air. The test solutions were: distilled water, 
165 g/l NaCl, 50 g/l Na2SO4 and 42.5 g/l MgSO4. The healing agent was 
manually mixed and stored under lab conditions for 28 days before immersing. 
After 8 weeks and 18 months immersion, IR analyses were performed. Before 
measuring, the samples were vacuum dried in a desiccator with silica gel. 
In IR spectroscopy, the amount of transmitted or absorbed light is recorded. 
Molecules absorb specific frequencies that are characteristic of their structure. 
The results are transmission profiles in function of the wave number. Based on 
these profiles, the structure can be analysed.  
8.1.9. EPMA 
Electron Probe Micro-Analysis (EPMA) are performed to show the chloride 
penetration around a crack quantitatively. For the test method is referred to 
Part 5.2.3. 
8.1.10. Statistical analysis 
Statistical analyses were applied to determine whether the means of the different 
test series were significantly different from each other or not. To do so, an 
analysis of variance test (ANOVA) was performed preceded by a Levene’s test 
(level of significance = 0.01) to verify the homogeneity of the variances. If equal 
variances were assumed, a Student-Newman-Keuls test (S-N-K test) was used 
(level of significance = 0.05). In the case that non-homogeneous variances were 
assumed, a Dunnet’s T3 Post-Hoc test (level of significance = 0.05) was used.   
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8.2. Results & Discussion 
Firstly, the resistance of the healing agent itself against chloride and/or sulphate 
containing environments is investigated. This is followed by chloride 
penetration tests in cracked, unhealed samples in order to understand chloride 
resistance of cracked mortar. Next, preliminary chloride penetration results of 
healed samples, by use of manually healed samples, are described and discussed. 
And in the end, the results concerning the efficiency of autonomously healing is 
shown and discussed.  
8.2.1. Resistance of the healing agent 
The reference measurement was performed after 8 weeks storage in air at a 
constant temperature of 20 °C and away from sunlight. The peaks identifying 
the material, refer to isocyanate, polyol and alkane as can be seen in Figure 8.9. 
Especially isocyanate and polyol are specific for PU. 
 
Figure 8.9: Reference IR profile (8 weeks storage in air) with indication of the peaks. 
Dry and Corsaw (1998) used a polyol coating to protect fibres filled with an 
inhibitor for chloride induced corrosion. The coating of polyol dissolved when it 
came in contact with chloride ions. Since polyol is a part of the used PU, it is 
possible that storage of PU in chloride containing environments induces changes 
in the polyol phase. Degradation of one of the main PU phases could cause a 
non-functioning healing mechanism. This means that, although the cracks are 
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healed/sealed, maintenance should be necessary to repair the crack healing 
material itself.  
Figure 8.10 shows the IR profiles for PU after 8 weeks storage at 20°C.  
 
Figure 8.10: IR profiles of PU after 8 weeks storage in the test solutions. 
Figure 8.11 gives the IR profiles for PU after 18 months storage at 20 °C. 
 
Figure 8.11: IR profiles of PU after 18 months storage in the test solutions. 
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It is clear that 8 weeks storage in distilled water and Na2SO4 has no influence on 
the structure of PU since all the main peaks are found. However, after storage in 
MgSO4 and especially in NaCl, it seems that some peaks have vanished, e.g. 
isocyanate. This could indicate that these solutions have an influence on the 
durability of the PU. Nevertheless, it is assumed that the peaks are still present 
but their intensity is not high enough. The latter is probably due to the 
measurement conditions since the background is neither clear. 
After 18 months immersion, it is clear that there are no significant changes in 
the peaks for isocyanate, alkane and polyol when stored continuously in distilled 
water, Na2SO4 or MgSO4. Nevertheless, a change in the background peaks is 
noticed for the samples stored in the sulphate solutions. The peak around wave 
number 1100 cm-1 indicates the presence of SO42- (Periasamy et al., 2009). This 
does not seem to degrade the PU, it is probably precipitation from the surface of 
the sample. Visual inspection confirmed this statement. More important is the IR 
profile after storage in NaCl. Again the peaks are not clear or they are not 
present. Moreover, visual inspection of the samples does not indicate any 
degradation. So, it is assumed that the PU is not degrading due to exposure to 
NaCl. Nevertheless, further research about the possible degradation of PU in 
chloride containing environments is recommended. 
8.2.2. Crack width measurements 
For the standardised cracks, crack widths were measured at the surface as well 
as cross-sectional, inside the crack after splitting. 
These average results are shown in Table 8.2. At least 3 specimens per crack 
width were measured, with 21 crack width measurements along the crack length 
(3 measurements at 7 locations) and 9 measurements along the depth. 
Table 8.2: Microscopic crack width measurements – Standardised cracks 
Steel plate [µm] At the surface[µm] Inside the crack[µm] 
100 164 ± 38 84 ± 33 
300 384 ± 66 338 ± 41 
These measurements show that the observed crack widths at the surface are 
generally somewhat larger than the thicknesses of the steel plates. The cross-
sectional crack widths measured on three cylinders of each series further show a 
closer match to the predefined crack widths for both mortar compositions. This 
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was also observed by Van den Heede et al. (2013) who used the same non-
destructive test method in their research. 
 The realistic crack widths were measured from the surface only. Table 8.3 
shows the maximum and minimum measured crack width as well as the mean 
value. At least 6 specimens per crack width were measured, with 30 crack width 
measurements along the crack length (3 measurements at 10 locations). Overall, 
the measured ranges per intended crack width are acceptable. 
Table 8.3: Microscopic crack width measurements – Realistic cracks 
Intended [µm] Minimum [µm] Maximum [µm] Mean [µ] 
100 67 163 130 
300 221 441 357 
8.2.3. Unhealed cracks 
Standardised cracks - Migration 
Figure 8.12 shows the relative increase in chloride penetration at the crack tip in 
function of the crack width. The penetration depth at the surface of the concrete 
(= crack width 0 mm) is the reference measurement. 
  
Figure 8.12: Relative chloride penetration increase at the crack tip in function of the 
crack width, for OPC and S50 concrete. The error bars indicate the standard error. 
The results show a big difference for the chloride penetration measured at the 
crack tip of a 100 µm crack and at the crack tip of a 300 µm crack, regardless 
the concrete mixture. The wider the crack, the higher the penetration depth 
measured from the crack tip onwards. The increase in chloride penetration depth 
at the tip of a 300 µm crack compared to the penetration from the surface 
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amounts to 30 % and 36 % for OPC and S50, respectively. Based on the 
statistical analysis, it is clear that the chloride penetration at the crack tip of a 
300 µm crack is significantly higher than the chloride penetration at the surface 
and at a 100 µm crack tip, for both concrete mixtures. In addition, the statistical 
analysis indicates that the penetration at the crack tip of a 100 µm crack is not 
significantly higher than the penetration from the surface, although the mean 
relative values are clearly higher.  
It is important to note that the chloride penetration measured from the crack tips 
onwards is higher than from the concrete surface. This is probably due to the 
presence of micro cracks at the crack tip (Figure 8.13).  The same was found by 
Win et al. (2004) for realistic cracks and Audenaert et al. (2009) for standardised 
cracks.  
   
Figure 8.13: Micro cracks at the crack tip of a 300 µm standardised crack in OPC 
concrete (a) and in S50 concrete (b). 
However, the findings described in current work are not completely in 
accordance with the findings of Audenaert et al. (2009), who described a 
bilinear relation between chloride migration and crack width, comparable to the 
relation found by Djerbi et al. (2008). According to them, the migration 
coefficient increases significantly until a crack width of 100 µm and becomes 
stable for cracks wider than 100 µm. It should be noted that they did not 
measure from the crack tip onwards but always from the exposed surface. 
However, when the chloride penetration depths in this research are calculated 
from the surface, the position of the crack included, it seems that the migration 
coefficients keep on increasing for cracks wider than 100 µm as well. 
Nevertheless, the findings in this research are in accordance with the results 
described in recent work of Park et al. (2012), they also found an increasing 
Microcracks 
Crack tip 
Crack tip 
Microcrack 
(a) (b) 
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colour change depth when crack widths increase. Furthermore, with increasing 
crack widths larger than 200 µm, they found rapidly increasing chloride 
penetration, which indicates that the chloride penetration increase in function of 
the crack width does not follow a linear trend. This topic is further discussed in 
the next part, where the chloride diffusion coefficients are taken into account. 
Realistic –  Diffusion 
The data described in this part differ from those in the previous part since these 
are obtained after diffusion tests with realistically cracked specimens.  
Table 8.4 shows the influence of 100, 200 and 300 µm cracks on the chloride 
penetration. The chloride penetration measured by means of the ccb is 
categorized according to Figure 8.8. 
Table 8.4: Influence of realistic cracks in OPC mortar with regard to chloride 
penetration, after 7 weeks immersion in a 165 g/l solution. Classification of the 
tested specimens based on the categories shown in Figure 8.8. 
Healing 
category 
OPC - CR 
100 µm 200 µm 300 µm 
A’ - - - 
B’ - - - 
C’ 33 % - - 
D’ 67 % 100 % 100 % 
From these results it is clear that crack widths between 100 µm and 300 µm do 
not limit the chloride penetration along the crack path since chlorides penetrate 
into the mass of the mortar perpendicular to the crack at the crack tip as well 
(category D). Notwithstanding, a small fraction of the samples with a crack of 
100 µm show some limited chloride penetration at the crack tip, more 
specifically 33 % of the tested samples. This is probably due to autogenous 
healing on the one hand (see Chapter 7), which causes crack narrowing, or 
blocking of the crack by means of sand grains on the other hand. 
Next, chloride profiles of specific areas around and next to the crack are shown 
in Figure 8.14. 
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Figure 8.14: Average total chloride profiles around and next to the cracks for unhealed 
mortar specimens with an initial crack width of 100 µm and 300 µm, obtained after 
7 weeks immersion in a 165 g/l solution. 
Based on the measured chloride profiles it is clear that the chloride 
concentrations in the zone around the crack are significantly higher than those 
obtained for uncracked samples at the same layer. This is expected since 
chlorides will penetrate through the crack and they will diffuse perpendicular to 
the crack as well, as shown by Ismail et al. (2008), resulting in higher chloride 
concentrations at every depth. EPMA mapping (performed by Florian 
Mittermayer, TU Graz) of chloride penetration in cracked mortar specimen 
exposed to a Ref.1 solution visualises the chloride penetration in two directions, 
see Figure 8.15. From these analyses it becomes clear that at the intersection 
point of chloride penetration from the exposed surface and from the crack 
surface, an accumulation of chlorides is present (red coloured chloride 
concentration in Figure 8.15). Furthermore is seems that the chloride penetration 
depth perpendicular to the crack wall is equal to the penetration depth from the 
exposed surface. However, is seems that the deeper into the crack, the smaller 
the perpendicular chloride penetration, which confirms the observations based 
on the chloride profiles. 
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Figure 8.15: EPMA mapping of chloride in an OPC sample exposed to a 165 g/l NaCl 
solution for 7 weeks. The investigated area is 15 x 20 mm and the exposed surface is at 
the top. 
In addition, the relative increase in chloride concentration in cracked samples 
compared to the chloride concentrations in uncracked samples seems to be 
higher for 300 µm cracks than for 100 µm cracks. This is clarified by calculating 
the diffusion coefficients which are discussed later in this part. Although the 
considered measuring zone is a bit different, the chloride profile trends are in 
accordance with former results concerning chloride penetration depths 
visualised by the colour change boundary. Furthermore, there are still increased 
chloride penetrations observed in the zones more than 9 mm away from the 
crack. This is due to the diffusion perpendicular to the crack walls. It should be 
noticed that the CR-R profiles show an averaged effect since the analysed zone 
is from 9 mm to 37.5 mm away from the crack. If the considered zones would be 
smaller, profiles should be decreasing between CR-C and REF if the distance to 
Exposed surface 
Crack 
surface 
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the crack increases. Another, more straightforward method is to analyse the 
chloride profiles perpendicular to the crack similar to the method of Ismail et al. 
(2008). However, this was not possible due to practical limitations. 
Figure 8.16 gives the chloride diffusion coefficients obtained around the cracks 
in OPC mortar in function of the crack widths. 
 
Figure 8.16: Chloride diffusion coefficients obtained around cracks in OPC mortar after 
7 weeks immersion in a 165 g/l NaCl solution. 
As can be seen in Figure 8.16 the general trend observed for the chloride 
profiles is also observed for the chloride diffusion coefficients of cracked 
mortar. An increase in chloride diffusion coefficient is measured for increasing 
crack width between 100 µm and 300 µm. Between uncracked samples and 
100 µm cracks, an increase with a factor of about 3 is calculated, from 
approximately 7 x10-12 m²/s to approximately 21 x10-12 m²/s. This increase is 
assumed to be linear based on the findings of Djerbi et al. (2008), Audenaert et 
al. (2009) and Sahmaran (2007) who succeeded to measure chloride diffusion or 
migration coefficients for crack widths smaller than 100 µm as well. In addition, 
based on these results, it seems appropriate to suppose an increasing linear or 
quadratic relation between chloride diffusion coefficients and crack widths 
larger than 100 µm (100 µm < crack width < 300 µm) as well, rather than 
supposing a constant relation as done by Djerbi et al. and Audenaert et al.. This 
assumption is more in accordance with the findings of Sahmaran (2007), Kwon 
et al (2009) and Park et al. (2012). Although, it should be noted that this 
assumption is only valid for the considered range of crack widths. It should also 
be mentioned that the general trends in the latter mentioned works are similar, 
but the ratios of increase can differ. Especially in the recent work of Park et al., 
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very high diffusion coefficient increase ratios are measured compared to sound 
samples, namely 23.5 times for 100 µm cracks, 38.4 times for 200 µm cracks 
and 70.6 times for 300 µm cracks. This difference could be due to the 
accelerated test method. 
Probably, the diffusion coefficients around a crack will reach a stable value from 
a certain crack width on. However, it is not possible based on these results to 
define this upper limit which has to be reached to assume a diffusion coefficient 
independent of the crack width. On the other hand, a lower limit is defined in 
Chapter 7. 
8.2.4. Manually healed cracks 
The efficiency of PU as a healing agent for self-healing cementitious materials 
in chloride containing environments is tested preliminary by means of manual 
healing of standardised cracks and rapid chloride migration or natural diffusion 
tests.  
Colour change boundary 
Table 8.5 and  
Table 8.6 give an overview of the regained resistance of the concrete against 
chloride penetration, after rapid chloride migration, due to manual healing by 
means of PU injection for OPC and S50, respectively. The percentages represent 
the part of the healed samples belonging to the specific category. To classify 
them, chloride penetration depths were measured and compared. 
Table 8.5: Efficiency of manual crack healing of standardised cracks in OPC 
concrete with regard to chloride penetration after a rapid chloride migration test for 
8 hours at 30 V. Classification of the tested specimens based on the categories 
shown in Figure 8.7. 
Healing 
category 
Manually healed Unhealed 
100 µm 300 µm 100 µm 300 µm 
A 67 % 34 % - - 
B 16 % 33 % - - 
C 17 % 33 % 17 % - 
D - - 83 % 100 % 
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Table 8.6: Efficiency of manual crack healing of standardised cracks in S50 
concrete with regard to chloride penetration after a rapid chloride migration test for 
8 hours at 30 V. Classification of the tested specimens based on the categories 
shown in Figure 8.7. 
Healing 
category 
Manually healed Unhealed 
100 µm 300 µm 100 µm 300 µm 
A 33 % - - - 
B 50 % 67 % - - 
C 17 % 33 % 33 % - 
D - - 67 % 100 % 
According to these results, it seems that cracks with a width of 100 µm and a 
depth of 15 mm can regain almost full resistance against chloride penetration by 
means of rapid chloride migration (categories A and B) in 83 % of the cases for 
both OPC and S50 mixes. In addition, cracks with a width of 300 µm and a 
depth of 20 mm can be healed almost totally in 67 % of the cases. So the smaller 
the crack width, the more efficient the manual healing with PU. These findings 
are independent of the concrete mixture. For all samples some positive effect 
due to the presence of PU in the cracks was measured since none of the healed 
specimens belongs to category D while, dependant on the crack width and the 
concrete mix, 67 % to 100 % of the unhealed specimens are categorised in D.  
In addition, extra tests were performed by means of natural diffusion. Manually 
healed realistic cracks of 200 µm on average were immersed in 165 g/l NaCl for 
7 weeks. The results based on the healing categories are shown in Table 8.7. 
Table 8.7: Efficiency of manual crack healing of realistic cracks in OPC concrete 
with regard to chloride penetration after an immersion in 165 g/l NaCl for 7 weeks. 
Classification of the tested specimens based on the categories shown in Figure 8.8. 
Healing 
category 
Manually 
healed 
Unhealed Uncracked 
A’ 83 % - 100 % 
B’ 17 % - - 
C’ - - - 
D’ - 100 % - 
The results based on manual healing of realistic cracks and exposure to a NaCl 
solution by means of full immersion, indicate that almost complete resistance 
against chloride penetration can be regained. None of the tested specimens show 
chloride penetration along the whole crack depth. Only in 17 % of the specimens 
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limited chloride penetration was observed, however, these chloride penetrations 
were not more than double the chloride penetration from the surface for 
uncracked samples. 
Chloride penetration profiles 
Figure 8.17 shows the average total chloride profiles obtained around the crack 
for manually healed OPC M(0.45) specimens with initial realistic crack width of 
200 µm as well as for unhealed samples and reference samples. Every profile is 
the average of three individual profiles and refitted with the obtained diffusion 
coefficient. 
 
Figure 8.17: Average total chloride profiles around the cracks for manually healed and 
unhealed mortar specimens with an average initial crack width of 200 µm, obtained after 
7 weeks immersion in a 165 g/l solution. 
It is clear from the chloride profiles as well that manual crack healing by means 
of PU injection results in a resistance against chloride diffusion equal to 
uncracked mortar. Moreover, the diffusion coefficient decreases from 20.5 10-12 
m²/s  to 8.5 10-12 m²/s, which is almost equal to the diffusion coefficient for the 
same mortar type without cracks, namely 7.0 10-12 m²/s. 
In general, these preliminary results are promising in view of PU as healing 
agent to increase durability of concrete in aggressive chloride containing 
environments. 
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8.2.5. Autonomously healed cracks 
Colour change boundary 
The colour change boundary is measured after 7 weeks immersion in a 
165 g/l NaCl solution, according to the method described in Part 8.1.7. Table 8.8 
gives an overview of the regained resistance against chloride penetration due to 
autonomous healing by means of encapsulated polyurethane. The percentages 
represent the part of the healed samples (see Table 8.1) belonging to the specific 
category. To classify them, colour change boundaries were measured and 
compared. 
Table 8.8: Influence of realistic cracks and autonomous crack healing in OPC 
mortar with regard to chloride penetration, after 7 weeks immersion in a 165 g/l 
solution. Classification of the tested specimens based on the categories shown in 
Figure 8.8. 
Healing 
category 
OPC - PU OPC - CR 
100 µm 300 µm 100 µm 300 µm 
A’ 44 % 11 % - - 
B’ 17 % 28 % - - 
C’ 6 % 17 % 33 % - 
D’ 33 % 44 % 67 % 100 % 
According to the colour change boundary results, it seems that 61 % of the 
autonomously healed mortar specimens with an initial crack width around 
100 µm regain ‘almost full resistance’ against chloride penetration (categories A 
and B). In addition, specimens with initial crack widths around 300 µm can be 
healed almost totally in only 39 % of the cases (category A and B). For 33 % 
and 44 % of the autonomously healed mortar specimens with 100 µm and 
300 µm cracks, respectively, no effect was observed (category D). These results 
are partially in accordance with the results obtained after manual healing, in that 
way that for autonomous healing as well as for manual healing with PU it is 
clear that 100 µm cracks are sealed better than 300 µm cracks. Nevertheless, it 
seems that manual healing is more efficient since all the tested specimens show 
a better resistance against chloride penetration compared to cracked concrete 
while for autonomous healing by means of encapsulated PU some of the 
specimens, with 100 µm cracks as well as with 300 µm cracks, show no 
improved chloride penetration resistance compared to cracked unhealed 
specimens. 
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Chloride penetration profiles  
Figure 8.18 shows the total chloride profiles for specimens with (initial) crack 
widths of 100 µm and 300 µm, respectively. Each profile is the average of three 
individual profiles and refitted with the obtained diffusion coefficient.  
  
Figure 8.18: Average total chloride profiles around and next to the cracks for healed and 
unhealed mortar specimens with an initial crack width of 100 µm and 300 µm, obtained 
after 7 weeks immersion in a 165 g/l solution. 
It is clear that the highest chloride concentrations at every depth are found in the 
18 mm wide zone around the crack (with the crack in the middle), regardless the 
crack width. Next, it can be seen that in the zones further away from the healed 
cracks the lowest concentrations are found at every depth. These profiles are 
comparable to chloride profiles obtained for uncracked mortar specimens (REF) 
which implies a limited chloride penetration perpendicular to the crack surface. 
In between these two profiles, the profiles obtained in the zone around the 
healed cracks are situated. Besides, these profiles are similar to those obtained 
for CR - R in Figure 8.14 which means that chloride penetration through mortar 
in a zone of 9 mm around a healed crack is similar to chloride penetration in a 
zone located 10-37.5 mm next to an unhealed crack (with the same initial crack 
width). So, based on these chloride profiles it seems that autonomous crack 
healing has a beneficial influence on the resistance against chloride penetration 
compared to cracked mortar, since the chloride concentrations at different 
depths are clearly lower than in cracked samples without healing. Nevertheless, 
the chloride concentrations are still higher than in uncracked mortar.  
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It should be noted that these are average profiles. As can be seen from Table 8.8 
some of the specimens do not heal at all despite of the presence of the self-
healing mechanism and other specimens do totally heal. Based on the 
comparison of the chloride profiles and former results, a more detailed 
investigation of the values of the individual chloride profiles per specimen is 
necessary to take the efficiency of the healing mechanism in itself into account. 
The results are shown in Figure 8.19 which represent the total chloride profiles 
obtained by measuring the three individual specimens with initial crack widths 
of 100 µm and 300 µm, respectively.  
    
Figure 8.19: Individual total chloride profiles around the crack for autonomously healed 
mortar specimens with an initial crack width of 100 µm and 300 µm, obtained after 
7 weeks immersion in a 165 g/l solution.  
From Figure 8.19, it can be seen that for none of the three tested specimens a 
similar profile was measured. The values for the individual chloride profiles, 
show that for specimens with a 100 µm crack only one of the three tested 
specimens was (almost) totally healed (PU – C 3) while one showed no healing 
at all (PU – C 1). The other specimen (PU – C 2) showed a chloride profile 
similar to the average profile in Figure 8.18, namely in between healed and 
unhealed. Concerning the values of the individual chloride profiles for 
specimens with a 300 µm crack, as shown in Figure 8.19, two of the three tested 
specimens were (almost) totally healed (PU – C 2 & 3) while one showed no 
healing (PU – C 1). Knowing this, makes it difficult to draw conclusions based 
on average chloride profiles obtained in the zone immediately around the crack. 
To interpret the results well, individual values should be taken into account. 
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Another series was tested to clarify. Here, the average crack width was 200 µm. 
The resulting average chloride profiles are shown in Figure 8.20. Here only the 
chloride profiles obtained around the crack are measured. 
   
Figure 8.20: Individual total chloride profiles around a 200 µm crack for mortar 
specimens, obtained after 7 weeks immersion in a 165 g/l solution. 
Based on the additional results, the same trends are found for initial crack widths 
of 200 µm as for 100 and 300 µm. An average chloride profile in between the 
one for cracked, unhealed and the one for uncracked mortar is measured. And 
two of the three individual profiles for autonomously healed mortar samples are 
equal to the reference and one profile is equal to the profile for unhealed mortar. 
In order to confirm these findings, individual and average diffusion coefficients 
were calculated and compared as well. 
Chloride diffusion coefficients  
By fitting Eq. 5.5 to the measured individual total chloride profiles, diffusion 
coefficients (Dnssd) were calculated. Figure 8.21 and Figure 8.22 give the 
individual total chloride diffusion coefficients with an indication of the mean 
value per test series.  
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Figure 8.21: Total chloride diffusion coefficients in different zones around or next to a 
100 µm crack in OPC mortar, after 7 weeks immersion in a 165 g/l NaCl solution. With 
indication of the mean value. 
 
Figure 8.22: Total chloride diffusion coefficients in different zones around or next to a 
300 µm crack in OPC mortar, after 7 weeks immersion in a 165 g/l NaCl solution. With 
indication of the mean value. 
In general, regardless the crack widths, the average diffusion coefficients in the 
zone around a PU-healed crack are lower than the diffusion coefficients in the 
zone around an unhealed crack, indicating the beneficial influence of PU-crack 
healing. In addition, it seems that the mean values obtained for 300 µm healed 
cracks are lower than the values for 100 µm healed cracks, which would be 
(partially) contradictory to the previous results where it was found that PU-
healing is most efficient for smaller crack widths. However, based on the 
statistical analysis, it seems that the diffusion coefficients obtained for healed 
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mortar with initial crack widths of 100 µm are not significantly different from 
the diffusion coefficients obtained for healed mortar with initial crack widths of 
300 µm. Furthermore, it is clear from the statistical analysis that none of the 
chloride diffusion coefficients measured around a 100 µm healed crack or a 
300 µm healed crack are significantly different from the reference diffusion 
coefficients in uncracked mortar.  
From Figure 8.21 and Figure 8.22, it can also be observed that the scatter on the 
diffusion coefficients measured around the PU-healed cracks is clearly larger 
than those on the other diffusion coefficients. This was also clear from the 
individual chloride profiles and can be explained by the fact that only a part of 
the PU-healed cracks are really sealed. The latter is probably due to falling short 
of the healing mechanism rather than the fact that chlorides penetrate through 
the PU-foam which should fill up the crack. During a visual inspection of the 
specimens and the glass tubes after splitting, it was observed that in the 
autonomously healed specimens without improved resistance against chloride 
penetration, the healing agents were still (partially) in the tubes (Figure 8.23). 
Furthermore, tubes were shifted (in the specimens without fixation of the tubes 
by means of wires attached to the moulds), which could explain why the PU-
prepolymer did not react with the accelerator causing a fast foaming reaction. 
 
Figure 8.23: Visual inspection of a specimen which is insufficiently healed. (A) 
Prepolymer still partially in the tube. (B) Shifted tube with accelerator (dotted line = 
original position). 
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An additional visual evaluation was performed to analyse the quantity of PU in 
the crack. To do so, five specimens used for colour change boundary 
measurements, were split again but along the crack (resulting in a quarter of a 
specimen). Then, parts of the surface covered with PU were marked in red. By 
means of pictures taken from the marked surfaces of both quarters (Figure 
8.24 a and b) and colour intensity analysis with the software Adobe Photoshop 
Elements 6.0, the total amount of PU at the surface can be calculated (Figure 
8.24 c). The results are expressed as the surface area covered by PU compared to 
the total surface area.  
   
Figure 8.24: Visualisation of the PU present in an autonomously healed crack. (a) First 
halve, (b) second halve and (c) the combination of both halves in order to calculate the 
surface area covered by PU. 
The calculated results of the visual analysis technique are shown per specimen 
in Figure 8.25. 
 
Figure 8.25: Ratio of PU covered surface and total surface of a crack wall, manually 
healed or autonomously healed. 
0
10
20
30
40
50
60
PU - MAN PU - C
P
U
 s
u
rf
a
ce
 /
 T
o
ta
l 
su
rf
a
ce
 [
%
]
(a) (b) (c) 
Mean: 27 % 
Mean: 42 % 
                          Durability of autonomously healed cementitious materials 
263 
It is remarkable that the ratio indicating the amount of PU in the crack is clearly 
lower for manually healed samples than for autonomously healed specimens, 
27 % and 42 % respectively. Nevertheless, the manually healed samples showed 
the highest improvement in the resistance against chloride penetration. Since, 
the PU in the manually healed samples is mainly found at the top of the crack 
(see also Figure 8.24), a continuous layer is formed which blocks/seals the 
crack. When the autonomous healing mechanism is triggered, the PU will be 
spread over a larger area. However, the deviation of the results is much larger 
for autonomously healed samples as well. The maximum observed PU covered 
surface amounts to 56 % while the minimum amounts to 24 %. This observation 
is in accordance with the previous results of diffusion coefficients and colour 
change boundaries. 
So, possible explanations for the large variations in the chloride penetration 
results as well as in the PU covered area for autonomously healed cementitious 
materials are: (1) the crack formation was insufficient to trigger the healing 
mechanism, (2) the tubes were shifted during the moulding process, which made 
it not possible for the two components to react properly (Figure 8.23), (3) the 
influence of the capillary forces in the tubes which can be higher than in the 
crack, especially since quite large cracks (up to 300 µm on average) were used 
in this research. This latter phenomenon was also observed by Joseph et al. 
(2010). In their tests, the capillary attractive force of the crack appeared to be 
insufficient to overcome the capillary resistive force of the cylindrical capsules 
and the negative forces caused by the sealed ends. The main forces acting on an 
encapsulated healing agent in cracked mortar/concrete are shown in Figure 8.26. 
 
Figure 8.26: Schematic illustration of the main forces acting on an internally 
encapsulated healing agent (Joseph et al, 2010). 
This problem could be solved by creating spherical capsules, which should 
eliminate the capillary forces in the capsules itself.  
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Overall, concerning the efficiency of autonomous crack healing in chloride 
containing environments, it is irrelevant to make conclusions based on the 
average values. In this case, all the values should be investigated individually. 
Furthermore, more specimens can be tested in order to increase the accuracy of 
the healing efficiency estimation. It is clear that the efficiency of the healing 
mechanism depends on a lot of factors. 
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8.3. Service life estimation 
To evaluate the influence of autonomous crack healing in concrete/mortar in a 
quantitative way, the service life prolongation is estimated with regard of the 
service life for cracked structures. To do so, a full probabilistic design approach 
is used as described in Part 5.7 of this work. 
8.3.1. Apparent chloride diffusion coefficient  
The apparent chloride diffusion coefficient is calculated starting from the 
diffusion coefficient obtained by means of curve fitting based on Eq. 5.7. These 
coefficients are tabulated in Table 8.9. Remark that the unit of the calculated 
diffusion coefficients is mm²/year (= 31.54 x 10-12 m²/s). 
Concerning the chloride diffusion coefficient for autonomously healed mortar in 
the zone around the crack (PU-C), a mean value can be calculated regardless the 
crack width. This mean chloride diffusion coefficient amounts to 
447 ± 219 m²/year. Furthermore, the influence of autonomous crack healing will 
also be taken into account by means of the minimum and maximum calculated 
values per initial crack width. 
Table 8.9: Chloride diffusion coefficients for cracked (CR-C) and autonomously 
healed (PU-C) OPC mortar, after 7 weeks immersion in a 165 g/l solution. 
Dnssd  
[mm²/year] 
100 µm 200 µm 300 µm 
REF 
CR - C PU - C CR - C PU - C CR - C PU - C 
Min. 572 327 662 189 762 213 215 
Max. 758 776 757 599 903 716 226 
Mean 654 546 704 400 824 396 222 
St. Dev. 95 224 48 205 72 278 5 
On the other hand, the chloride diffusion coefficient for unhealed samples (CR-
C) changes in function of the crack width ‘w’. So, a crack effect function is 
suggested based on a regression analysis as shown in Figure 8.27. 
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Figure 8.27: Relation between chloride diffusion ratio (coefficient for cracked 
mortar/coefficient for uncracked mortar) and crack width for OPC mortar. 
This crack effect function is implemented in the equation to calculate the 
apparent chloride diffusion coefficient by means of the parameter kcr. So in this 
particular case, Eq. 5.13 can be adapted to Eq. 8.1: 
𝐷𝑎𝑝𝑝,𝐶 = 𝑘𝑒  . 𝐷𝑛𝑠𝑠𝑑,𝑅𝐸𝐹 . 𝑘𝑡 . 𝑊(𝑡) . 𝑘𝐶𝑅     (8.1) 
 𝑘𝑒 = (𝑏𝑒 (
1
𝑇𝑟𝑒𝑓
−
1
𝑇𝑟𝑒𝑎𝑙
))      (8.2) 
𝑊(𝑡) =  (
𝑡0
𝑡
)
𝑎
                 (8.3) 
 𝑘𝐶𝑅 = 15.8 𝑤
2 − 2.5 𝑤 + 3.0 (0.1 mm ≤ w ≤ 0.3 mm)  (8.4) 
with the apparent chloride diffusion coefficient Dapp (mm²/years) calculated 
starting from the chloride diffusion coefficient for uncracked mortar Dnssd,REF 
(mm²/years) taking into account a transfer parameter kt (-), an ageing function 
W(t) with the ageing exponent a (-), the reference point of time t0 (years) and the 
time t (years), an environmental factor ke (-) including a regression variable be 
(K) as well as the standard test temperature Tref (K), the temperature of the 
structural element or the ambient temperature Treal (K), and at last a crack effect 
function kCR (-) with w the crack width w (mm). 
8.3.2. Results 
As discussed in Part 5.7 the results of the service life prediction can vary a lot 
depending on the assumed values for the concrete cover, the critical chloride 
content, etc. In this part of the research the influence of these parameters on the 
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specific service life is not studied since the aim is to evaluate the effect of cracks 
in cementitious materials and the autonomous healing of them.  
Effect of crack width 
The default parameters as described in fib Bulletin 34, Duracrete or the CUR 
guideline VC 81 are taken into account, see Table 8.10, however some of them 
are adapted in order to have a reference service life of about 100 years. This is 
obtained by changing the concrete cover and the ageing factor in accordance 
with acceptable values found in literature (Van den Heede et al., 2012), 
60 ± 8 mm and 0.40 ± 0.12, respectively. 
In addition, the crack effect function parameter kcr is introduced in the model 
taking the crack width w into account. 
Table 8.10: Default input parameters for service life prediction. 
Parameter  Mean St. Dev. 
Lower 
boundary 
Upper 
boundary 
Ccrit  
[wt.% binder] 
Beta 1.90 0.15 0.2 3 
C0  
[wt.% binder] 
Normal 0.10 0.025 - - 
Cs,Δx  
[wt.% binder] 
Normal 3.0 0.8 - - 
d [mm] Lognormal 60 8 - - 
Δx [mm] Constant 0 - - - 
be [K] Normal 4800 700 - - 
Tref [K] Constant 293  - - 
Treal [K] Normal 293 5 - - 
Dnssd, REF 
[mm²/year] 
Normal Table 8.9 (REF) 
kt [-] Constant 1 - - - 
t0 [year] Constant 
0.211  
(28 days curing + 49 days immersion) 
a [-] Beta 0.40 0.12 0 1 
w [mm] Constant [0.1 – 0.3] - - - 
The results considering the influence of crack widths between 100 and 300 µm 
(CR - xx) are shown in Figure 8.28. The curves indicating the probability of 
failure Pf in function of time for cracked cementitious materials are plotted 
against the same curve for sound material (REF). As defined in Part 5.7, the 
service life corresponds to a probability of failure of 0.10. 
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Figure 8.28: Service life prediction for cracked OPC mortar. 
Based on the results shown in Figure 8.28, it is clear that the presence of cracks 
induces a significant service life reduction. The service life for uncracked 
reference samples rises to 103 years. In addition, the service life for structures 
where cracks are present with a width of 100 µm amounts to 23 years. For 200 
and 300 µm cracks, the predicted service life is 20 and 16 years, respectively.  
The obtained values are in quite good agreement with the results obtained by 
Kwon et al. (2009) for in-situ cracked concrete of port wharves which had been 
operated for 8 and 11 years. However, they found a smaller decrease in service 
life between sound concrete and concrete with a 0.1 mm crack (see Figure 8.29). 
 
Figure 8.29: Comparison of the service life predicted based on lab tests (current 
research) and based on in-situ measurements (Kwon et al., 2009). 
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Effect of autonomous crack healing  
In order to report the effect of autonomous crack healing, different points of 
view are possible. Firstly, the averaged effect is studied based on the mean 
chloride diffusion coefficient for autonomously healed mortar, regardless the 
initial crack width. This coefficient is used as input parameter in the model by 
means of Eq. 8.1 without kCR. In Figure 8.30 the result is visualised next to the 
results for cracked and uncracked mortar.  
 
Figure 8.30: Service life of cracked and healed OPC mortar, regardless the crack width. 
Based on the averaged effect of autonomous healing, the service life is higher 
than for cracked mortar. Nevertheless, it is still clearly lower than the time to 
reinforcement depassivation in sound mortar. More specifically, the service life 
of healed mortar amounts to 32 years. This is an increase of 39 %, 60 % or 
100 % when compared to the service life for cracked mortar with crack widths 
of 100 µm, 200 µm and 300 µm, respectively. 
So the averaged effect of autonomous crack healing by means of encapsulated 
PU is rather positive. However, as discussed in Part 8.2.5 it should be kept in 
mind that chloride diffusion in autonomously healed specimens occurred similar 
to sound specimens or similar to cracked specimens which makes it difficult to 
draw conclusions based on averaged values for diffusion coefficients and 
consequently the service life. 
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To take the possible different behaviour of autonomously PU-healed mortar in 
marine solutions into account, service lives are predicted for every initial crack 
width individually based on the maximum, minimum and mean measured 
chloride diffusion coefficient for healed mortar. 
Figure 8.31 gives the probability of failure in function of time for healed mortar 
with initial crack widths of 100 µm. 
 
Figure 8.31: Service life healed OPC mortar with initial crack width 100 µm. 
Since the input parameter in the estimation of the service life for cracked mortar 
is an average value, it is possible that an estimation of healed mortar based on a 
single value results in a slightly lower service life. This is the case when the 
maximum measured value for the chloride diffusion coefficient in autonomously 
healed mortar with initial crack width 100 µm is considered. This shows again 
that the healing mechanism does not always work properly, in fact it does not 
work at all in this particular case for which a service life decrease of another 
26 % is obtained compared to the average service life for cracked mortar, which 
leads to 17 years. In addition, the prediction based on the mean and the 
minimum observed value for autonomously healed mortar with initial crack 
width 100 µm results in a service life increase anyway. This increase amounts to 
22 and 154 %, respectively, corresponding to service lives of 28 and 58 years. 
In Figure 8.32 the probability of failure in function of the time for healed mortar 
with initial crack widths of 200 µm is visualised. 
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Figure 8.32: Service life healed OPC mortar with initial crack width 200 µm. 
Next, Figure 8.33 shows the probability of failure in function of the time for 
healed mortar with initial crack widths of 300 µm. 
 
Figure 8.33: Service life healed OPC mortar with initial crack width 300 µm. 
Figure 8.32 clearly confirms the statement made in Part 8.2.5. The service life 
predicted based on the maximum measured chloride diffusion coefficient for 
autonomously healed mortar with initial crack width 200 µm is equal to the 
service life for 200 µm cracked mortar, namely 25 years. On the opposite, the 
calculation with the minimum measured coefficient leads to a service life of 
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122 years, equal to the one for sound mortar. In addition, the mean diffusion 
coefficient leads to 44 years.   
Based on the results obtained for autonomously healed mortar with initial crack 
widths of 300 µm, the same observations can be made as for healed mortar with 
initial crack widths of 200 µm. The predicted service lives amount to 19 years, 
45 years and 104 years based on the maximum, the mean and the minimum 
measured chloride diffusion coefficients. 
Starting from the aforementioned results, relative differences are calculated 
compared to the cracked mortar on the one hand and compared to the uncracked 
reference on the other hand. These increases and decreases are tabulated in 
Table 8.11 and Table 8.12, respectively. 
Table 8.11: Increase of the service life for autonomously healed OPC mortar 
predicted by means of the maximum, mean and minimum measured chloride 
diffusion coefficient and compared to cracked mortar. 
Crack width 
[mm] 
Service life increase  
compared to cracked mortar [%] 
CR PU – Max. PU - Mean PU – Min. REF 
0.1 - -26 22 154 348 
0.2 - 25 120 510 415 
0.3 - 19 181 550 544 
Mean - 6 108 405 436 
St. Error - 16 46 126 57 
Starting from cracked mortar as the reference to calculate the relative change of 
the service life due to autonomous healing by means of encapsulated PU, it can 
be observed that almost all samples induce a service life increase. Except for the 
samples with initial crack widths of 100 µm, this relative increase seems 
independent of the initial crack width. In general it can be concluded that in the 
worst case scenario, an increase of an average of 6 % is obtained, assigned to 
autonomous healing. In the most beneficial situation an increase of 405 % is 
obtained. On average, autonomous crack healing induces a service life increase 
of 108 % compared to the case without healing. 
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Table 8.12: Decrease of the service life for autonomously healed OPC mortar 
predicted by means of the maximum, mean and minimum measured chloride 
diffusion coefficient and compared to sound mortar. 
Crack width 
[mm] 
Service life decrease  
compared to sound mortar [%] 
CR PU – Max. PU - Mean PU – Min. REF 
0.1 78 83 73 43 - 
0.2 81 76 57 -18 - 
0.3 84 82 56 -1 - 
Mean 81 80 62 8 - 
St. Error 2 2 5 18 - 
A similar observation can be made based on the service life decrease compared 
to the reference service life for uncracked structures. In the most positive 
situation, when the minimum chloride diffusion coefficient for autonomously 
healed mortar is taken into account, the service life decrease is limited to an 
average of 8 %, regardless the crack width. This is much less than in case 
cracked concrete is not healed, then the service life decreases by 81 %. On 
average a decrease of 62% is observed compared to sound mortar due to 
autonomous crack healing. 
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8.4. Conclusions 
Based on the observations in this part of the research considering the resistance 
of cracked mortar/concrete against chloride penetration, the following 
conclusions are drawn: 
 Chloride penetration in cracked mortar/concrete increases when the crack 
width increases from 100 µm to 300 µm, regardless the binder type. 
Chloride penetration at a crack tip of standardised cracks is even higher than 
from the surface, due to the presence of micro cracks.  
 The chloride diffusion coefficients in the zone immediately around the crack 
(limited to 9 mm at each side of the crack) significantly increase compared 
to uncracked mortar. For crack widths in the range of 100 µm to 300 µm, 
the relation between the chloride diffusion coefficient ratio (cracked in 
function of uncracked) and the crack width can be expressed as follows: 
𝑘𝐶𝑅 = 15.8 𝑤
2 − 2.5 𝑤 + 3.0 (0.1 mm ≤ w ≤ 0.3 mm)   
Where kCR is the crack effect function [-] and w is the crack width [mm]. 
 Service life of mortar/concrete structures containing cracks decreases with 
81 % compared to sound structures. 
These conclusions indicate the need for a proper crack repair mechanism. One 
of the solutions is self-healing concrete/mortar by means of encapsulated 
polyurethane: 
 Preliminary tests on chloride penetration in cracked mortar specimens which 
are manually healed by means of polyurethane injection are promising. For 
83 % of the manually healed specimens with an initial crack of 100 µm and 
for 67 % of the specimens with an initial crack of 300 µm almost no 
chloride penetration was measured around the healed crack, regardless the 
binder type. Furthermore, all manually healed specimens showed an 
improved resistance against chloride penetration compared to unhealed 
cracked specimens. 
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 Autonomous crack healing of mortar by means of encapsulated 
polyurethane has a beneficial influence on the resistance against chloride 
diffusion for crack widths between 100 µm and 300 µm. However, based on 
chloride penetration depths, chloride profiles and chloride diffusion 
coefficients, it can be concluded that in approximately 33 % of the cases 
autonomous crack healing has no effect on the resistance against chloride 
penetration. This is probably due to falling short of the healing mechanism 
since no or less polyurethane was found in these cracks after the test 
(insufficient triggering by crack formation, capillary forces, shifting of the 
tubes, etc.).  
 In the most beneficial situation, a service life increase of 154 % up to 550 % 
can be obtained by autonomous crack healing compared to cracked 
unhealed structures, which is similar to the service life for sound structures. 
On average, the service life of autonomously healed structures by means of 
encapsulated polyurethane increases 108 ± 46 % compared to the service 
life of a cracked, unhealed structure.  
 If the healing mechanism works properly and the crack is sealed well, 
(almost) no chlorides will penetrate along the crack. So, autonomous crack 
healing by means of encapsulated polyurethane is able to improve the 
durability and increase the service life of mortar/concrete structures in 
chloride-containing environments. 
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Conclusions and perspectives 
Current research consists of two main parts considering the durability of 
concrete in marine environments. The first part handled about the environmental 
conditions itself, more specifically about the combined attack mechanisms 
occurring in marine environments. The second part focussed on the material 
characteristics by testing the resistance of self-healing concrete in those 
particular environments. In general, the following conclusions and perspectives 
are formulated: 
 
Combined attack of chlorides and sulphates in marine environments 
It was found that the reciprocal attack mechanisms and their influence on the 
service life of marine constructions mainly depends on exposure time and 
temperature.  
 
The effect of chlorides on sulphate attack 
Sulphate attack on itself is quite complicated since different attack mechanisms 
exist, depending on e.g. the associating cation or the environmental temperature. 
Moreover it is shown in current research that the presence of chlorides also 
influences and changes these attack mechanisms. Although, it is found that the 
influence of chlorides on sulphate attack is not straightforward. The effect 
mainly depends on whether sodium sulphate attack or magnesium sulphate 
attack is considered.  
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For Na2SO4 attack combined with chlorides, following conclusions are derived: 
 Chlorides have a mitigating effect on sodium sulphate attack. Both, 
sulphates and chlorides will bind with the C3A hydration products to form 
ettringite on the one hand and Friedel’s salt on the other hand.  
 Chlorides have no influence (neither positive nor negative) on sodium 
sulphate attack in HSR and BFS mortar. Nevertheless, replacement of 
ordinary Portland cement by high-sulphate resistant Portland cement or 
partly by blast-furnace slag improves the resistance of concrete/mortar 
against sodium sulphate attack anyhow.  
With regard to the MgSO4 attack mechanism and the effect of chloride addition, 
it is observed that the effect due to the presence of chlorides changes in function 
of the environmental temperature and the binder type. 
 At an environmental temperature of 20 °C, chlorides have no effect on 
deterioration due to magnesium sulphate in OPC and HSR mixtures. 
However, when BFS is used as OPC replacement, the deterioration rate 
increases significantly. The latter is attributed to the increased 
decomposition of CSH to MSH by absence of a protecting brucite layer. 
 At an environmental temperature of 5° C, the presence of chlorides in a 
magnesium sulphate environment causes increasing deterioration compared 
to deterioration due to magnesium sulphate attack on itself, regardless the 
binder type. This phenomenon is due to increased thaumasite formation in 
combined solutions. 
Overall, it is not correct to generalise the influence of chlorides on sulphate 
attack. It’s often assumed that chlorides have a mitigating effect on sulphate 
attack in general, however, based on the conclusions in this research this 
statement has to be nuanced. Chlorides have a mitigating effect when sodium 
sulphate attack is considered. But, in case deterioration is caused by magnesium 
sulphate attack, the effect will be intensified in the presence of chlorides. 
Moreover, the influence of BFS changes as well when the mechanism changes. 
Within the context of the RILEM Technical Committee TC-SRT, it seems 
important to take this phenomenon into account when more realistic sulphate 
resistance test methods will be developed. Firstly, test methods should 
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differentiate between sodium sulphate attack and magnesium sulphate attack, 
and secondly additional effects such as the presence of chlorides in case of 
magnesium sulphate attack should be included.  
Future research should focus on the temperature dependency as well as the 
influence of supplementary cementitious materials such as fly ash and silica 
fume on the magnesium sulphate attack mechanism in combination with 
chlorides. Both seems to have an important influence on the particular attack 
mechanisms and the accompanied deterioration, which makes it an interesting 
topic. Moreover, combined attack in constructions partly exposed should be 
investigated as well. Research by Gruyaert (2011) and Liu (2010) pointed out 
that the resistance of concrete against sulphate attack is different for totally and 
partly immersed specimens. However, the effect of chlorides in these particular 
circumstances, which are found in reality, is unknown. 
 
The effect of sulphates on chloride attack 
Chloride attack is the main mechanism causing deterioration in marine 
environments and often it is seen as the only important attack mechanism, 
especially in service life predictions. Notwithstanding, the presence of sulphates 
has an effect on chloride diffusion. The influence of sulphates on the chloride 
attack mechanism changes in function of the exposure time in comparison with 
individual chloride attack. Moreover, the deterioration mechanism also depends 
on the cation associating the sulphate ion. 
In general, three stages are observed during the chloride penetration process in 
case of exposure to an environmental solution of 100 g/l Cl- (NaCl) with 
33.8 g/l SO42- (Na2SO4 or MgSO4): 
 First, for immersion periods between 7 weeks and 14 weeks, chloride 
diffusion slightly increases or is not influenced when the sulphate content in 
the chloride containing environment increases.  
 Next, during immersion periods between 14 weeks and 37 weeks chloride 
diffusion decreases in function of the environmental sulphate content 
additionally to the normal decrease due to continuing hydration. The 
behaviour in this stage is caused by formation of reaction products filling up 
the pores and densification which reduces permeability. When magnesium 
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sulphate is present a brucite layer is responsible for blocking further 
penetration. 
 The last stage is observed when mixtures are exposed for more than 
37 weeks. From that immersion time on, chloride diffusion starts to increase 
again when the sulphate content increases. Cracking and spalling due to 
extensive expansion induce pathways for the chlorides to diffuse faster in 
the mortar/concrete in case of sodium sulphate. With regard to the presence 
of magnesium sulphate, the brucite layer breaks down which allows the 
chlorides to penetrate faster through the mushy and porous layers 
underneath due to MSH formation. Nevertheless the chloride diffusion 
coefficient for chlorides originating from a combined solution with 
magnesium sulphate are still lower than for chlorides from a single chloride 
solution. 
In addition, replacement of OPC by BFS improves the resistance of 
concrete/mortar against chloride penetration whether with sulphates in the 
environment or not. 
Furthermore, comparative service life predictions point out that taking the 
sulphate to chloride ratio of the environment into account influences the results, 
although, it does not outweigh the impact of parameters such as concrete cover, 
critical chloride content, etc.  
Regarding the research into chloride attack mechanisms and the influence of 
sulphates to simulate marine environments and concomitantly the service life 
prediction, it seems more appropriate to focus future research on other 
influencing factors than sulphates. Nevertheless, the influence of magnesium 
(sulphate) on chloride penetration can be explored more in detail. Recently, De 
Weerdt (2014) has published some papers regarding specific phase changes in 
marine environments. Nevertheless, the influence of sulphates on chloride 
penetration is limited. So, from a practical point of view it seems more 
important to investigate the influence of e.g. loading, (early-age) cracks, 
carbonation, etc. Nowadays, most of the attention regarding optimisation of 
service life prediction of structures in marine environments is paid to the ageing 
exponent and the critical chloride concentration which are very important, 
influencing and sensitive parameters. However, extensive calibration with 
realistic structures is needed before implementing in acceptable models. 
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Moreover, service life prediction up to now is in most cases limited to the 
corrosion initiation period. Considering this period in practice is interesting 
during development of new structures. However, in the renovation and 
rehabilitation sector, the propagation period is maybe more important and 
consequently the actual influence of corrosion on the structural behaviour. 
In addition, testing of realistic structures at different ages (monitoring) is 
needed. It should also be remarked that in reality parameters such as orientation 
of the structure (with regard to the wind), presence of microorganisms, the 
climate, etc. will all influence the resistance against chloride penetration as well.  
 
Durability of self-healing concrete 
In order to make cement based materials more durable and to increase their 
service life, the material itself should be able to prevent penetration of 
aggressive substances. In current research the resistance of self-healing mortar 
in aggressive chloride containing environments was investigated.  
 
Autogenous crack healing in marine environments 
It was found that the composition of the environmental solution, with or without 
chlorides, has no significant influence on the autogenous healing mechanism of 
a concrete structure when cyclically exposed. So, small cracks limited to a 
maximum of approximately 100 µm formed in the tidal zone of marine 
constructions can be healed autogenously by means of calcium carbonate 
precipitation and ongoing hydration. 
Besides, autogenous crack healing occurs slower and mainly by means of 
ongoing hydration when the concrete elements are continuously immersed. 
Except in cases that the solution contains (additional) magnesium sulphate 
which results in the temporary formation of a brucite layer sealing the cracks. 
Important with regard to chloride penetration, is the indication that 10 µm is the 
critical crack width. Cracks beneath this limit do not serve anymore as a faster 
way for chlorides to penetrate the structure. 
Based on the obtained results it can be useful to investigate the influence of 
autogenous healing on service life of concrete structures. It was found that 
chloride penetration occurs along the crack before it is healed. This means that a 
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part of the cement matrix contains an increased chloride concentration, or even 
that chlorides are able during a certain period to reach the reinforcement. The 
effect on the corrosion initiation period of this temporary exposure to chlorides 
followed by healing should be investigated.  
 
Durability of autonomously healed mortar in chloride environments 
Autonomously healed concrete is more resistant to the aggressive substances of 
sea water than cracked concrete and becomes equal to uncracked concrete in two 
third of the cases. Moreover, service life increases considerably. 
For cracked concrete it was found that the chloride diffusion coefficients in the 
zone immediately around the crack (limited to 9 mm at each side of the crack) 
significantly increase compared to uncracked mortar. For crack widths in the 
range of 100 µm to 300 µm, the relation between the chloride diffusion 
coefficient ratio (cracked versus uncracked) and the crack width can be 
expressed as follows: 
𝑘𝐶𝑅 = 15.8 𝑤
2 − 2.5 𝑤 + 3.0 (0.1 mm ≤ w ≤ 0.3 mm)   
Where kCR is the crack effect function [-] and w is the crack width [mm]. 
This implies a service life decrease of about 80 % compared to sound structures.  
When manual healing is applied by means of polyurethane, all specimens 
showed an improved resistance against chloride penetration compared to 
unhealed cracked specimens. More specifically, 83 % of the specimens with an 
initial crack of 100 µm and 67 % of the specimens with an initial crack of 
300 µm showed almost no chloride penetration around the healed crack, 
regardless the binder type. 
Next, also autonomous crack healing of mortar by means of encapsulated 
polyurethane has a beneficial influence on the resistance against chloride 
diffusion for crack widths between 100 µm and 300 µm. However, in 
approximately 33 % of the cases autonomous crack healing has no effect on the 
resistance against chloride penetration. This is probably due to falling short of 
the healing mechanism since no or less polyurethane was found in the cracks 
after the test (insufficient activation of self-healing through crack formation, 
capillary forces, shifting of the tubes, etc.).  
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A quantification of the influence of autonomous crack healing on durability in 
marine environments by means of service life calculation shows that the service 
life of an autonomously healed structure by means of encapsulated polyurethane 
increases 110 % on average, compared to the service life of a cracked, unhealed 
structure. Since the chloride diffusion results were not really uniform, a range of 
values should be taken into account. Moreover, in the most beneficial situation, 
a service life increase of 155 % up to 550 % can be obtained compared to 
cracked unhealed structures.  
In general it can be concluded that if the healing mechanism works properly and 
the crack is sealed well, (almost) no chlorides will penetrate along the crack. So, 
autonomous crack healing by means of encapsulated polyurethane is able to 
improve the durability and increase the service life of mortar/concrete structures 
in chloride-containing environments and equal the service life of sound 
structures. 
Based on this research it seems appropriate to find an autonomous healing 
mechanism which works in 100 % of the cases in laboratory conditions. This 
can be obtained by doing research into specific encapsulating systems in 
combination with a specific polyurethane based healing agent. This system 
should be able to resist the mixing process and should be triggered at the 
moment cracks appear in the structure. If it does so, then it is possible to at least 
double the service life in chloride-containing environments compared to cracked 
structures as shown in this research by using a commercial healing agent 
encapsulated in glass tubes.  
Future research topics could be the resistance of autonomously healed concrete 
against carbonation or other durability affecting mechanisms.  Furthermore the 
implementation of self-healing cementitious materials should not be limited to 
(precast) concrete for new structures. Other interesting applications could be e.g. 
self-healing repair mortars. 
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